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SUMMARY

An analytical study was performed to determine the structural approach best

suited for thes design of a Mach 2.7 arrow-wing supersonic cruise aircraft.

Results, procedures, and principal Eﬁst{fiéagfsn of results are presented
in Reference 1. Dgtailed»substanfiation data are given herein. In general,
each major analysis {érpresented seqﬁehtiallyrén éeparate sections to pro-
vide continuity in-therflow of the &esign concgp}sianélysis effort. In
addition to the design éohbepts evaluation and the detailed engineering
design analyses, suppbrting tasksréﬁggmpassing: (1) the controls system
development (2) the prbﬁﬁlsion—airfrgme intégréﬁion study, and (3) the

advanced technology assessment are presented.

Reference 1 Sakata, I. F, and Davis, G, W.: Evaluation of Structural Design

Concepts foz an Arrow-Wing Supersonic Cruise Aircraft NASA
CR- 197






INTRODUCTION

The design of an economically viable supersonic cruise aircraft requires
reduced structural mass fractiqns,égEggﬁggig?through applicatiéhrbf new
materials, advanced concepts and dE;EEiitbols. Configurations, such as

the arrow-wing, show promise ffbmrfﬁééaerbdynamic standpoint; howevef,
detailed structural design studies are needed to determine the feasibility
of constructing this type of éircraft with sufficiently low structural mass

fraction.

For the past several &éé}s:;fhé'NASA”Iangley Research Center has been
pursuing a supersonic cruise aircraft research program (1) to provide

an expanded technology base for future superscnic aircraft, (2) to pro-
vide the data needed to assess the environmental and economic impacts on
the United States of present and especially future foreign supersonic
cruise aircraft, and (3) to provide a sound techmical basis for any future
consideration that may be given by the United States to the development of
an environmentally acceptable and economically viable commercial supersonic

crulse aircraft.

The analytical study, reported herein, was performed to provide data to
support the selection of the best structural concept for the design of a
supersonic cruise aircraft wing and fuselage primary structure considering
near-term start-of-design technology. A spectrum of structural approaches
for primary structure design that has found application or had been proposed
for supersonic aircraft design; such as the Anglo-French Concorde supersonic
transport, the Mach 3.0-plus Lockheed F-12 and the proposed Lockheed L-2000
and Boeing B-2T70T7 supersonic transports were systematically evaluated for

the given configuration and envirommental criteria.

The study objectives were achieved through a systematic program involving
the interactions between the various disciplines as shown in Figures A through
C. These figures present an overview of the study effort and provides a

summary statement of work., as follows:

(1) Task I - Analytical Design Studies (Figure A).- This initial

task involved & study wherein a large number of candidate structure

v
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(3)

concepts were investigated and subjected to a systematic evaluation
process to determine the most promising concepts. An airplane
configuration refinement investigation, including propulsion-airframe

integration study were concurrently performed.

Task II - Engineering Design/Analyses (Figure B).- The most

promising concepts were analyzed assuming near-term start-of-design
technology, critical design conditions and requirements identified,
and construction details and mass estimates determined for the
Final Design airplane. Concurrently, the impact of advanced tech-

nology on supersonic crulse aircraft design was explored.

Task IIT - Mass Sensitivity Studies (Figure C).- Starting with

the Final Design airplane numerous sensitivity studies were performed.
The results of these investigations and the design studies (Task I
and Task II) identified opportunities for structural mass reduction
and needed research and technology to achieve the objectives of

reduced structural mass.

Displayed on the figures are the time-sequence and flow of data between dis-
ciplines and the reason for the make-up of the series of sections presented
in this report. The various sections are independent of each other, except as
specifically noted. Results of this structural evaluation are reported in
Reference 1. This reference also includes the procedures and principal justi-
fication of results, whereas this report gives detailed substantiation of the

results in Reference 1. This report is bound as four separate volumes.
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 SECTION 15

MASS,ANALYSIS'

INTRODUCTION

The analyses performed to prov1de structural mass estlmates for the arrow-w1ng

supersonic cruise aircraf‘t described in Section 2 are presented in this

section,

To realize the full potential for'strﬁcfurai mass reauction, a8 spectrum of approaches
for wing and fuselage primary structure design were investigated through analyses,
design studies, and detailed design: (1) to assess the relative merits of various
structural arrangements, concepts and materials (2) to select the structural

approach best suited for the Mach 2.7 environment and (3) to provide construction

details and structural mass estimates based on in-depth structural design studies.

BASELINE CONFIGURATION MASS DATA

The interior arrangement of the baseline configuration concepts adopted for the

Task I and Task II studies are presented in Figures 15-1 and 15-2, respecfively.

The dimensional and mass characteristics for the configurations are fully described
in Section 2, For completeness, however, the airplane mass property data are pre=-
sented in the following sections along with a group weight comparison with the study

of Reference 1.

Airplane Mass Properties - Task I

Estimated Group Weight and Balance Statement. - An Estimated Group Weight and Bal-

ance Statement is presented on Table 15-1 for the Baseline Configuration - Task I,
The airplane has a taxi mass of 340,000 kilograms (750,000 pounds), and a range of
7800 kilometers (4200 n. miles) with a payload of 22,000 kilograms (49,000 pounds).

This primarily titanium wing has a total planform area of 1,005 sq., meters and an

aspect ratio of 1.62. Its mass includes the center section carry-through structure

15-1



under the floor, aerodynamic control surfaces and secondary structure. The hori-
zontal stabilizer, and body mounted fin are all—movable; There are also fixed fins
outboard on the wing. The body is 90.5 meters long, and will accommodate 234 pas-
sengers in five (5) abreast seating. The under floor baggage compartment is located

between the nose landing gear and the wing carry-through structure.

The wing mounted main landing gear retracts into a well just outboard of the body.
The axisymmetric inlets and dﬁct-burning turbofan engines are under the wing with
the thrust reversers just aft of the wing trailing edge. The engines are sized to

provide a takeoff thrust to weight ratio of .36,

The mass estimates for the system and equipment reflect composite material applica-
tion. Standard and operating equipment includes the crew, urusable fuel, and pas-

senger service items,

Mass Moment of Inertia. - Airplane mass moments of inertia were determined for the

seroelastic studies. The data for takeoff gross weight, operational weight empty

and two intermediaste flight conditions are summarized in Table 15-2.

Center of Gravity Travel. - The center of gravity travel is tailored to permit the

airplane to cruise with a minimum trim drag penalty. This is acccmplished by
sequencing the fuel tanks. The forward body and forward wing tanks are used for
climbing and accelerating to cruise Mach number. The remaining wing tanks and mid-
body tanks are used during cruise. The last two body tanks contain the landing and

reserve fuel.

The interior is configured for 23k passengers in five (5) abreast seating with a
seat pitch of .86 meters. The baggage is loaded aft of the nose landing gear.
Loadability studies indicate unrestricted passenger seating and small curve devia-
tion from the straight payload line. This is primarily due to the low passenger

mass to taxi mass fraction.

The fuel tank center of gravities are based on a fuel density of .803 kilogram/
1iter. The usable fuel volumes are calculated on the basis of 90-percent of the

gross contour cross sectional area to allow for structure, systems and usable fuel,

The center of gravity travel shown in Figure 15-3 is used for the Task I Analytical
Design Studies. The results of the design, vtability and control, and weight and
balance studies during Task I are reflected in a new travel diagram for the Engi-

neering Design Study of Task II.

15-2
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TABLE 15-2.

ATRPLANE MASS MOMENT OF INERTIA - TASK I

WEIGHT WEIGHT X Zz |piTcH| BROLL | YyAw
CONDITION {LB) (IN}  |(N) 10 6 SLUGFT

TAKE OFF GROSS 750,000 2151 | — 40.8 6.51 47.3
OPER. EMPTY WT. 321,000 2301 | — 27.7 4.68 32.2
INTERMEDIATE | 699,300 2177 | -141(39.9 6.36 46.2
® ZERO FUEL 370,000 2216 | —128

® FUEL (A) 329,300 2133 | —155

INTERMEDIATE 2 455,950 2212 | —133|35.2 475 39.9
® ZERO FUEL 370,000 2216 | —128

® FUEL (B) 85,950 2196 | —157

NOTES: (A) TANKS NOS. 2-5,8-11PLUS:

50 PERCENT OF NOS. 1,6 & 7.

(8) TANKS NOS.2 & 4 PLUS 50 PERCENT OF NOS. 3 &5.
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Airplane Mass Properties - Task II

Estimated Group Weight and Balance Statement. - The airplane weight and balance data

of Table 15-3 represent the various configurations evaluated during the Task IT
effort. The data reflect the configuration refinements adopted to the NASA 15F con-
cept. All data are for a fixed sized aircraft with a takeoff gross mass of

340,000 kilograms (750,000 pounds) and payload of 22,000 kilograms {19,000 pounds).

e Task TIA Configuration Data - The Task I weight data (Table 15-1) were
adjusted aft to reflect the effect of the configuration changes. The mass
of each item was assumed invariant. The taxi mass is at the 52-percent MAC
and the zero fuel weight (ZFW) is at the 53.9-percent MAC.

e Task IIB Baseline Data - The data is representative of the configuration
changes adopted and the minimum mass wing and fuselage structural approach
selected for the Task II effort. The engines have been resized to reflect
an uninstalled sea level static thrust of 89,466 pounds per engine and
appropriate mass changes for the larger air induction system and nacelles
are indicated. The initial mass data does not include allowance for flutter
suppression., The taxi mass is 340,000 kilograms (750,000 pounds) with the
center of gravity located at the 52.5-percent MAC.

e Task IIB Final Data - The primary mass change is reflected by the increase
in wing mass to include the requirements to suppress flutter. A trade off
with fuel (Tank No. 16) is made to achieve the same center of gravity loca-

tion as for the baseline data.

Mass Moment of Inertia. - Airplane mass moment of inertia were computed and plotted

in Figure 15-L. The data is similar to that shown in Table 15-2 for the Task 1
airplane. The pitch moment of inertia is slightly less due to the shortened fuse-
lage while the roll moment of inertia is greater due to the heavier propulsion
packages. These data are used for the aeroelastic studies reported in Section 5
and 10.

Center of Gravity Travel. - The fuel management scheduling for airplane center of

gravity control is shown in Figure 15-5. The sequencing of fuel is planned
(1) to permit the airplane to cruise with a minimum of trim drag penalty and (2) to
maximize the heat sink capability of the fuel by emptying the outboard wing tanks as

early as possible in the mission.
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Figure 15-5. Center of Gravity Diagram - Task II
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Tanks 1 through U4 are engine feed tanks and are kept full until all other tanks are
empty. The usable fuel mass is based on a fuel density of 0.803 kilogram/liter

(6.7 pound/gallon) and 90 percent of the gross volume to allow for structure, sys-
tems and unusable fuel. 'The forward limit for flight (5l-percent MAC) and the aft
limit for takeoff and landing are indicated at 53.5-percent MAC and 55-percent MAC,

respectively.

Weight Comparison Data

To compare with previously established weight trends for supersonic cruise aircraft,
a group weight comparison was made. The data, presented in Table 15-4, compares

a preliminary weight estimate for the arrow-wing supersonic cruise aircraft
derived from parametric relationship of the various items (i.e. wing, body) and
data of Reference 1. The referenced data is for the Boeing 969-336C production
configuration which was obtained by scaling-up-the group weights of the prototype
aircraft. As noted on the table, the heavier wing weight used for the starting
point of this study is offset by the lighter body structure weight which considers
composite application in the cocled interior (i.e. floor beams, post, trim). The
larger diameter turbofan engines result in an increase in inlet weights. The
equipment and system weight reductions over the referenced ‘data are achieved by

utilizing composite materials.

Detail Wing and Body Weights

The scope of the study is to determine the structural approaches best suited for
the wing and fuselage design of a Mach 2.7 supersonic cruise aircraft. To identify
the relative weights of those components which make up the ﬁing and body structure,
these groups were further broken-down into more detailed components as presented in
Table 15-5. This procedure isolates different types of structural elements and
their relative weights. As the analyses of different elements are completed, the
results are compared to the initial estimated values. The relative proportion
between the primary structural elements is determined by typical percentages from
previous studies and analyses. Other items, such as control surfaces, utilize
representative unit weights and their respective areas. Door and windows are based

on the size, type, and quantity.
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TABLE 15-L,

PRELIMINARY GROUP WEIGHT COMPARISON

LOCKHEED BOEING
REFERENCE ARROW-WING 969-336C
INITIAL DATA PRODUCTION
PARAMETRIC REFERENCE 1
DATA
WEIGHT WEIGHT
ITEM {lbs) {ibs)

WING 109,600 92,700
TAIL — HORIZONTAL 4,400 2,370
— VERTICAL 3,800 3,270
— CANARD - 2,950
BODY 41,000 51,570
LAND. GEAR — NOSE 3,000 3,030
MAIN 27,400 27,910

AIR INDUCTION 17,200
NACELLE 6.800 } 15,650
TOTAL STRUCTURE {213,200) {199,450)
PROPULSION — ENGINES 46,000 45,020
— SYSTEMS 7,000 6,310
SURFACE CONTROLS 8,500 12,450
INSTRUMENTS 1,230 3,400
HYDRAULICS 5,700 5,600
ELECTRICAL 4,550 5,050
AVIONICS 1,900 2,690
FURN. AND EQUIPMENT 11,500 21,290
ECS 8,300 8,100
OPTIONS AND TOLERANCES 2,420 5,480
MANUF. EMPTY WT. (MEW) 310,300 314,840
STD AND OPER EQ. 10,700 11,810
OPER. EMPTY WT. (OEW) 321,000 326,650
PAYLOAD 49,000 48,906
ZERO FUEL WEIGHT (ZFW) 370,000 375,556
FUEL 380,000 374,444
TAXI WEIGHT 750,000 750,000
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TABLE 15-5.

ESTIMATED WEIGHTS FOR WING AND BODY - TASK I

WEIGHT (ibs)
ITEM COMPONENT GROUP
WING GROUP: 109,600
CENTER SECTION 17,000
SURFACE MATERIAL 12,750 Ib.
SHEAR MATERIAL 3,400
RIBS 850
OUTER PANEL 66,620
SURFACE MATERIAL 49,960
SHEAR MATERIAL 7,330
RiBS 9,330
LEADING EDGE 5,470
TRAILING EDGE 5,620
MLG DOORS 3,600
BODY FAIRING 1,600
AILERONS 1,440
T.E. FLAPS 6,880
L.E. FLAPS 1,220
SPOILERS 250
BODY GROQUP: 41,000
BULKHEADS AND FRAMES 4,940
SKINS 10,510
LONGERONS AND STIFFENERS 6,010
NOSE AND FLIGHT STATION 2,500
NLG WELL 900
WINDSHIELD AND WINDOWS 1,680
FLOORING AND SUPPORTS 3,820
DOORS AND MECHANISM 4,170
UNDERWING FAIRING 1,870
CARGO COMPARTMENT PROVISIONS 1,060
WING-BODY FITTINGS 1,500
TAIL-BODY FITTINGS 600
PROVISIONS FOR SYSTEMS 740
FINISH AND SEALING 700
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STRUCTURAL MODEL MASS DATA

Grid Point Distribution - Task I

The data from tie Bstimated Group Weight and Balance Statement of Table 15-1 are
distributed to the structural model grid points (SIC) for use in the static loads
and flutter analysis programs. For theiinitial effort, a single mass distribution

which is representative of the three structural arrangements is used.

Table 15-6 presents the Operating Weight Empty (OWE), Table 15-7 the payload, and
Table 15-8 the fuel distribution by tank. Several individual components lumped in

the SIC distribution are listed separately in Table 15-9,

The negative sense of weight values at some points are the result of applying a couple
to obtain the correct center of gravity for the overhanging vertical fins. The mass
moment of inertia for the propulsion system wing, and fuel are presented in Tables
15-10 and 15-11. These data are based on the weight dlstrlbutlon at the SIC grid

peints. The grid point locations are defined in Section 9, Structural Analysis Models.

Grid Point Distribution - Task IIA

For the Task IIA investigation, the Task I weight data (Table 15-1) were adjusted aft
to reflect the configuration changes adopted. The configuration refinements are
shown in Figure 15-6, The major configuration differences are delineated below:
(1) Added wing area (50 sq. ft./side) outboard of BL 470 by reducing angle of
the leading edge from 6kL.6L-degrees to 60-degrees.
(2) 1Increased number of fuel tanks and changed the tank afrengement to
achieve an aft shift in center-of—grav1ty.
(3) Reduced length of fuselage forebody by 119 1nches, payload moved aft.
(4) Increased fuselage-mounted vertical tail area from 290 sq. feet to
325 sq. feet.

The geometric parameters for these changes are defined in Table 15-12.

The appropriate changes to reflect the aforementioned refinements were made
(data not included) including changes to the wing tip surface panel distribution to
reflect strength-designed thicknesses (Figure 15-7). These data were then input to

th static loads and flutter analysis programs.
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TABLE 15-7. PAYLOAD DISTRIBUTION - TASK I

SIC GP X W
PT. ©NO. (y=0) Lbs/side

Y 0108 8oo 1240
5 0110 1000 2847
6 3151 1210 3680
7 3251 1382  2hho
8 3351 1580 24bo
9 3451 1680  1hho

10 3551 1772 1240
11 3651 1865 1240
12 3751 1955 620
13 3851 2045 £20
1k 3951 2145 1240

15 L4051 2235 1240
16 L4151 2330 12Lo
17 L4251 2LOS 1000
18 4351 2485 1000
19 LLs1 2565 973
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TABLE 15-9., INDIVIDUAL COMPONENT WEIGHT DISTRIBUTION - TASK T

GRID X Y
sic POINT WEIGHT
POINT NO. (in.) fin.) Ib/SIDE ITEM
) 24 0147 3360 0 567 HORIZONTAL TAIL
: 25 0148 3470 0 2563 HORIZONTAL TAIL
24 0147 3360 0 -469 VERTICAL TAIL (MOVABLE)
- 25 0148 3470 0 :;gg} VERTICAL TAIL (MOVABLE)

33 0226 2045 62 1923 MLG (UP)

36 0232 2330 62 4928 MLG (UP)

64 0426 2045 196 1922 MLG (UP)

67 0432 2330 196 4927 MLG (UP)

3 0106 600 0 525 NLG (UP)
4 0108 800 0 975 NLG (UP)
141 1348 2790 616 510 VERTICAL TAIL — WING
142 1350 2812 588 .510 VERTICAL TAIL — WING
148 1528 2904 603 ::ggg} VERTICAL TAIL — WING
183 0660 2660 264 3795 ENGINES, NAC. AND PROP. SYS.
184 0662 2800 264 9795 ENGINES, NAC. AND PROP. SYS.
185 1160 2720 438 3684 ENGINES, NAC. AND PROP. SYS.
186 1162 2855 438 9382 ENINGES, NAC. AND PROP. SYS.
-pAGE B
ORIGINAL P‘f‘
OF POOR @
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MOMENT OF INERTIA OF ENGINE, NACELLE, AND PRCPULSION SYSTEM - TASK 1

TARLE 15-10.
< v 3z 1000 SLUG - f12
sIC GRID WEIGHT
POINT PT. NO. (Ibs/SIDE) (in.) (in.) lin.) ! o, = 1o
oX Y 4
183 0660
.215 . 21.70
184 0662 13,590 2761 264 2 3.39
185 1160
; _ 20.8
186 1162 13,066 2817 438 207 3.23 3

TABLE 15-11. MOMENT OF INERTIA OF WING STRUCTURE AND FUEL - TASK I

_ - 108 SLUG -2
WEIGHT X Y
ITEM {1bs/SIDE) {in.) {in.) 'oz
WING STRUCTURE 75,737 2322 252 2.69
FUEL 154,500 2082 145 2.71
z TOTAL 230,237 2161 181 6.15
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SHORTENED
FUSELAGE NOSE

Figure 15-6.

s

. — R,
DECREASE TIP SWEEP/ \

INCREASE AILERON
AREA

Configuration Comparison - Task I and Task II

NOTE:

. A
— Y, — \om £
(.110)\ /100X AN A
073 Yt 2\, .027

N 1meiﬁl 073X

014 N (.094) %
014 \OSQ)WKOGZ (080 v.
. . 053 3%
018 N\ 0533¢1.073) 53 .‘

X 060) R 045 (060) 5 .
.014\ .WQ\%%
TR

XXX = UPPER SURFACE EFFECTIVE THICKNESS (IN)
{XXX) = LOWER SURFACE EFFECTIVE THICKNESS (IN}
o~ = BEAM WEB THICKNESS (IN)

Figure 15-7.

Surface Panel Thickness - Strength Design
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TABLE 15-12.

ATRPLANE GECMETRIC PARAMETERS - TASK I AND TASK II

TASK | TASK I
WING: ' AREA (PARALLEL TO Z_ PLANE) 12 10,822 10,923
AR 1.62 1.607
A 0.08 0.113
b in. 1590 1590
Cr in. 2195.5 2195.5
Cy in. 175.6 249.2
MAC in. 1357.8 1351.3
L.E.SWEEP to BL 392 {degree) 74 74
to BL 602 (degree) 70.84 70.84
to BL 795 {degree) 64.64 60.00
CONTROL L.E. FLAP AREA (ft2) 159 133
SURFACES: SPOILERS — PLAIN (£t2) 120 110
i SPOILER — SLOT — DEFLECTORS {ft2) 120 115
FLAPS — INBOARD (f12) 316 306
— FLAPERONS/AILERONS {f12) 310/180 247/250
HORIZONTAL AREA (WL PLANE) (£12) 795 795
TAIL: AR 1.607 1.607
A 0.225 0.225
b {in.) 441.6 441.6
ELEVATOR AREA (2) (f12) 174 174
FUSELAGE AREA (MOVEABLE) {ft2) 290 325
VERTICAL AR 0.517 0.517
TAIL: A : 0.23 0.23
b {in.) 146.4 155.5
WING AREA (FIXED - 2) (t2) 466 466
VERTICAL AR 0.495 0.495
TAIL: A 0.136 0.136
b {in.) 129.0 129.0
FUSELAGE: LENGTH {in.) 3564.0 3444.0
WIDTH {in.) 135.0 135.0
DEPTH {in.) 166.0 166.0
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Grid Point Distribution - Task IIB (Strength/Stiffness)

The configuration refinements identl fiéaﬁin Section 2 and summarized in the Grid

Point Dlstrubltlon dlSCUSSlOHS Were adopued for the Task I*B strenéth ‘and strength/

stiffness de51gn effort. The strJCtural approach seleCueé ;or these analyses is a
Hybrid strgp;ural arrangement cons;stlng of the chordw¢se stiffened design for the

wing structure inbcard of BL L06 and the monocoqué”design for the wihg tip structure.

As shown in xable lS 3 the Task IIArwe;ght dlsurlbutlon was updated to include the
engine size and welght 1ncreases to properly reflect the gn}nstalled sea level static
thrust level of 89,466 pounds per engine instead of the 77,957 pounds per engine.

Appropriate nacelle and air induction system weights were also included.

Table 15-13 presents the Operating Empty Weight (OEW) distribution for the strength/
stiffness design; the payload and fuel (tanks 1 through 16) distributions are
detailed in Table 15-14. The concentrated weight items which are included in the
OEW distribution of Table 15-13 are identified separately in Table 15-15. The
weight, center of gravity and moment of inertia data for tail surfaces and engines
are contained in Table 15-16. These data were applied to the flutter analysis

effort reported in Section 10.

The final strength/stiffness distribution resulting from the flutter optimization

analysis is shown in Table 15-17 and pictorially displayed on Figure 15-8. To pro-
vide adequate torsional stiffness, a total weight increment of 1462 pounds per side
is added to the wing tip box structure. To maintain constant aircraft gross weight,

an equal weight is removed from Tank 16 fuel, as shown in Table 15-18.

The mass moment of inertia for the wing and contents is presented in Table 15-19.
The datas includes the wing fuel (BL 62 - BL L406) and payload distribution to

BL 62.0. These data are based on the weight distribution at the SIC grid points.
The moment of inertia data for the aileron and outboard flaperon are shown in
Table 15-20. These data are based on an expression for calculation of the mass

moment of inertia derived from the L-1011 wide body transport.
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB
STRENGTH/STIFFNESS DESIGN
WEIGHT COORDINATES WEIGHT COORDINATES
MODEL MODEL
GRIDID | (Ib/SIDE) X Y GRID D | {Ib/SIDE) X
{in.) {in.) {in.) (in.}

3150 785 | 400.00 | 00.00 0212 2923 | 1,21000 | 62.00
3250 2,235 600.00 | 00.00 0214 303 | 1,38200 | 62.00
3350 2,967 800.00 | 00.00 0216 1,654 | 1580.00 | 62.00
3450 2,893 | 1,000.00 | 00.00 0218 1,154 | 1,680.00 | 62.00
3550 * 1,282 | 1,100.00 | 00.00 0220 1,330 | 1,77200 | 62.00
0112 1,040 | 1,210.00 | 00.00 0222 1,309 | 1,865.00 | 62.00
0114 1,395 | 1,382.00 | 00.00 0224 1,136 | 1,955.00 | 62.00
0116 733 | 1,580.00 | 00.00 0226 1,186 | 2,045.00 | 62.00
0118 509 | 1,680.00 | 00.00 0228 1,815 | 214500 | 62.00
0120 508 | 1,772.00 | 0.000 0230 1,785 | 2,235.00 | 62.00
0122 517 | 1,865.00 | 00.00 0232 1,686 | 2,330.00 | 62.00
0124 432 1,955.00 00.00 0234 1,164 2,405.00 62.00
0126 453 | 2,045.00 | 00.00 0236 1,163 | 2,485.00 | 62.00
0128 462 | 2,745.00 | 00.00 0238 2586 | 256500 | 62.00
0130 450 | 2,235.00 | 00.00 0240 2,637 | 2,640.00 | 62.00
0132 454 | 2,330.00 | 00.00 0242 288 | 271000 | 62.00
0134 411 | 2,405.00 | 00.00 0246 100 | 2,855.00 | 62.00
0136 427 | 2,485.00 | 00.00 || syBTOTAL| (26952) |(1,999.50)
0138 1,092 | 2,565.00 | 00.00
0140 1143 | 2,64000 | 00.00 0416 480 | 1,580.00 | 196.00
5150 2512 | 280000 | 00.00 0418 175 | 1,680.00 | 196.00
B250 2702 | 3,00000 | 00.00 0420 220 | 1,772.00 | 196.00
5350 952 | 320000 | 00.00 0422 287 | 1,865.00 | 196.00
5450 1027 | 336000 | 00.00 0424 282 | 1,955.00 | 196.00
5560 5002 | 347000 | 00.00 0426 392 | 204500 | 196.00

0428 310 | 2,145.00 | 196.00

SUBTOTAL | (33,283) |(2,109.40)

0430 1,614 | 2,23500 | 196.00
0314 710 | 1,382.00 | 125.00 0432 1,126 | 2,330.00 | 196.00
0316 345 | 1,580.00 | 125.00 0434 370 | 2,405.00 | 196.00
0318 225 | 1,680.00 | 125.00 0436 335 | 2485.00 | 196.00
0320 265 | 1,772.00 | 125.00 0438 430 | 2,565.00 | 196.00
0322 336 | 1,865.00 | 125.00 0440 600 | 2,640.00 | 196.00
0324 331 | 1,955.00 | 125.00 0442 768 | 2,710.00 | 196.00
0326 432 | 2,04500 | 125.00 0446 155 | 2,855.00 | 196.00
0328 1714 | 214500 | 125.00 | syBTOTAL| (7,544) |(2,274.60)
0330 8068 | 2,235.00 | 125.00

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB
‘ STRENGTH/STIFFNESS DESIGN (Continued)

T

WEIGHT | COORDINATES | WEIGHT | COORDINATES

MODEL il MODEL
GRIDID | (b/SIDE) X Y GRIDID | (Ib/SIDE} X \4
(in) {in.) {in.} {in.)
0332 6,180 | 2,330.00 | 125.00 0620 215 | 1,772.00 | 266.00
0334 420 | 2,405.00 | 125.00
‘ 0336 400 | 2,485.00 | 125.00 0722 275 | 1,865.00 | 299.50
0338 510 | 2,565.00 | 125.00 0724 182 | 1,955.00 | 296.00
0340 700 | 2,640.00 | 125.00 0726 242 | 2,045.00 | 296.00
0342 800 | 2,710.00 | 125.00 0728 342 | 2,145.00 | 296.00
0345 200 | 2,855.00 | 125.00 0730 336 | 2,235.00 | 296.00
SUBTOTAL | (21,146) | (2,248.30) 0732 340 | 2,330.00 | 296.00
' 0734 400 | 2,405.00 | 296.00
0522 176 | 1,865.00 | 232.00 0740 1695 | 2,640.00 | 296.00
0524 170 | 1.955.00 | 232.00 0742 1,700 | 2,713.00 | 296.00
0526 232 | 204500 | 232.00 0746 200 | 2,855.00 | 296.00
0528 282 | 2,145.00 | 232.00
0530 276 | 223500 | 232.00 0824 187 | 1,955.00 | 33250
0532 280 | 2,330.00 | 232.00
SUBTOTAL | (7,659) |(2,461.00)-
0534 355 | 2,405.00 | 232.00
0536 325 | 2,485.00 | 23200 1130 149 | 2,235.00 | 435.00
0538 1,655 | 2,565.00 | 232.00
0540 1,610 | 2,640.00 | 232.00 1232 192 | 2,330.00 | 470.00
0542 1,035 | 2,710.00 | 232.00 1234 230 | 2,420.00 | 470.00
0546 140 | 2,855.00 | 232.00 1236 405 | 2,520.00 | 470.00
SUBTOTAL |  (6,906) | (2,462.00) 1238 2,355 | 2.625.00 | 470.00
1240 1,060 | 2,730.00 | 470.00
0926 24z | 2,045.00 | 365.00 1242 1,010 | 279800 | 470.00
0928 198 2,145.00 | 365.00 1246 140 2,900.00 | 470.00
0930 187 | 2,235.00 | 365.00
SUBTOTAL | (5,541) |(2,646.70)
0932 192 | 2,330.00 | 365.00
0934 390 | 2,410.00 | 365.00 1522 230 | 2,818.00 | 676.00
0936 365 | 2,500.00 | 365.00 1524 154 | 2,831.50 | 660.00
0938 330 | 2,590.00 | 365.00 1526 202 | 285400 | 633.00
0940 560 | 2,678.00 | 365.00 1528 2569 | 2,882.00 | 600.00
0942 756 | 2,743.00 | 365.00 1530 450 | 2,905.50 | 573.00
0946 145 | 2,868.00 | 365.00 1534 125 | 2,949.00 | 521.50

SUBTOTAL {3,365) |(2,520.40)

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS

ON AIRCRAFT PLANFORM
15-29
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIEBUTION - TASK IIB
STRENGTH/STIFFNESS DESIGN (Continued)
WEIGHT COORDINATES WEIGHT COORDINATES
MODEL MODEL
GRIDID | (Ib/SIDE) X Y GRID ID | {Ib/SIDE) X v
, {in.) {in.} {in.) {in.)
1028 160 | 2,145.00 | 402.00 1540 180 | 2,998.00 | 573.00
1030 121 | 2,235.00 | 406.00
1032 186 | 2,330.00 | 406.00 1562 245 | 2,882.00 | 712.00
1034 245 | 2,415.00 | 406.00 1564 165 | 2,804.00 | 698.00
1036 280 | 2,508.00 | 406.00 1566 222 | 2,914.00 | 675.30
1038 1,585 | 2,603.00 | 406.00 1568 304 | 2,837.70 | 647.00
1040 1,605 | 2,700.00 | 406.00 1570 340 | 2,958.50 | 623.00
1042 1,020 | 2,763.00 | 406.00
1,046 130 | 2,880.00 | 406.00 1610 250 | 3,007.00 | 668.00
SUBTOTAL | (5,332) |(2,624.30) 1614 75 | 304600 | 623.00
SUBTOTAL | (5511 |(2,901.50)
1300 132 | 2,399.00 | 495.00
1304 181 | 2,475.50 | 523.00 1724 13 | 3,054.10 | 795.00
1746 20 | 308290 | 795.00
1310 168 | 2,555.50 | 552.00 1768 26 | 3,111.30 | 795.00
1312 275 | 2,589.50 | 511.70 1790 104 | 314130 | 795.00
1794 95 | 317450 | 756.00
1320 131 | 2,636.50 | 581.30 1798 25 | 3.211.00 | 795.00
1322 180 | 2,659.20 | 554.30 | gyUBTOTAL |  (283) {(3,147.30)
1324 263 | 2,601.00 | 516.80
1326 .488 | 2,686.80 | 600.00
1328 173 | 2,703.00 | 581.00
1330 238 | 2,732.80 | 546.50
1332 477 | 2,769.00 | 503.30
1346 254 | 2,756.70 | 639.50
1348 197 | 2,770.00 | 622.00
1350 318 | 2,796.00 | 592.00
1352 426 | 2,82850 | 554.00
1354 536 | 2,854.00 | 524.00
SUBTOTAL | (3,461 |(2,726.00)
1622 192 | 2,961.00 | 758.00
1624 106 | 2,971.80 | 745.20
1626 129 | 2,987.00 | 727.20
REFER TO SECTION 9 STRUCTURAL ANALYS!S
1628 214 | 3,005.50 | 705.50 | MODELS FOR GRID POINT LOCATIONS ON
AIRCRAFT PLANFORM
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TABLE 15-13.

CPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB

STRENGTH/STIFFNESS DESIGN (Continued)

COORDINATES

WEIGHT | COORDINATES El
MODEL MODEL | tolorT
GRIDID {Ib/SIDE} X Y GRID (D (I1b/SIDE) X Y
in) | {in) in) | (in)
1630 122 3,023.80 | 684.00 || ENGINE &
1634 45 | 306200 | 639.00 || NACELLE:
0660 1,306 2,660.00 264.00
1662 69 2,993.00 | 777.00 0662 12,759 2,800.00 | 264.00
1664 53 3,003.00 | 764.20 | SUBTOTAL | (14,065) |(2,787.00)
1666 78 3,017.00 ;| 748.30 ’
ENGINE &
1668 92 3,033.50 | 729.00 NACELLE:
1670 140 3,050.30 | 709.00 1160 2,500 2.720.00 438.00
1674 55 3,087.50 | 665.50 1162 11,565 2,855.00 438.00
1702 26 3,025.10 | 795.00 SVU BTOTAL | (14,065) {(2,831.00)
1704 3% | 303500 | 783.00 | wiNG FIN: | (REFERENCE])
1706 65 3,046.50 | 769.00 1326 -781
1708 104 3,061.00 | 752.00 1528 2,181
1710 1901 3077.00 | 73400 | g prorAL | (14000 |(2,990.90)
1714 90 3,113.00 | 691.50
SUBTOTAL (1,809) 1(3,025.80) LOETVI:L 156,922 2,374.40 -

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-15. INDIVIDUAL COMPONENT WEIGHT DISTRIBUTION - TASK IIB STRENGTH/STIFFNESS DESIGN

GRID WEIGHT X Y z
ITEM 1.D. (Ib/SIDE) (in.) (in.) {in.)
NOSE LANDING GEAR (UP) 1,500 914.7 0 269.10
: 3350 640 800.0 0 262.64
3450 860 1000.0 0 273.97
MAIN LANDING GEAR (UP) 13,700 2273.0 137.2 297.80
0330 6,810 2235.0 125.0 296.00
0430 1,410 2235.0 196.0 304.00
0332 4,540 2330.0 125.0 297.00
0432 940 2330.0 196.0 306.00
VERTICAL TAIL — FUS. (MOVABLE) 1,300 3522.0 0 377.30
5450 615 3360.0 0 368.30
5550 +1,915 3470.0 0 371.20
HORIZONTAL TAIL — FUS. (MOVABLE) 3,975 3449.0 0 368.70
5450 760 3360.0 0 358.30
5550 3,215 3470.0 0 371.20
AIR INDUCTION — INBOARD 4,940 2602.5 264.0 316.20
0538 1,235 2565.0 232.0 313.00
0738 1,235 2565.0 296.0 319.00
0540 1,235 2640.0 232.0 313.00
0740 1,235 2640.0 296.0 320.00
AIR INDUCTION — OUTBOARD 4,940 2649.7 488.0 322.10
1033 1,235 2603.0 406.0 321.00
1238 1,930 2625.0 470.0 319.50
1040 1,235 2700.0 406.0 326.00
1240 540 2730.0 470.0 325.20
ENGINES AND NACELLES — INBOARD 14,065 2787.0 264.0 305.00
0660 1,306 2660.0 264.0 305.00
0662 12,759 2800.0 264.0 305.00
ENGINES AND NACELLES — OUTBOARD 14,065 2831.0 438.0 311.00
1160 2,500 2720.0 438.0 311.00
1162 11,565 2855.0 438.0 311.00
WING FIN 1,400 2990.9 600.0 338.20
1326 -781 2686.3 600.0 307.80
1528 +2,181 2882.0 600.0 327.30

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-16

. MASS DATA FOR FLUTTER ANALYSIS - TASK IIB

CENTER OF GRAVITY

MOM. OF INERTIA —

inch ~ Slugf12
WEIGHT —
ITEM (Ib/SIDE) X Y 2 X, 'Y, 'z,
VERTICAL TAIL ~ FUS. 1,300 3522.0 0 | 4820 455 3158 | 2,703
HORIZONTAL TAIL ~ FUS. 3,975 3449.0 753 | 3750 | 2,001 6,159 | 8250
ENGINES AND NACELLES:
INBOARD: 14065 | 2787.0 | 2640 | 2580 | 3795 | 17,709 | 17,709
OUTBOARD: 14,065 28310 | 4380 | 2725 | 3795 | 17,709 | 17,709
FIN ~WING 1,400 20909 | 600.0 | 3830 542 3134 | 2,592
SECT.  W.L
1 312:340 240 2920 600 | 330 17 2935 | 2918
2 340-370 374 2952 600 | 354 6.1 6115 | 605.4
3 370-400 332 2993 600 | 384 5.4 507.6 | 502.2
4 400-430 229 3034 600 | 414 37 2031 | 199.4
5 430-455 125 3067 600 | 441 14 50.0 57.6
6 455.475 63 3096 600 | 464 0.5 14.2 137
7 475-T1P 37 3122 600 | 484 0.2 39 37
NOTES:

REFER TO SECTION 2 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS

OF AIRCRAFT PLANFORM.

CENTER OF GRAVITY DIFFERENCES BETWEEN TABLE 1516 AND TABLE 1515
ARE DUE TO 2-D GRID POINT LOCATIONS IN TABLE 1515 NOT COINCIDENT WITH

ACTUAL CENTER OF GRAVITY.
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TABLE 15-17. FINAL MASS DISTRIBUTION - STRENGTH VS STRENGTH/STIFFNESS DESIGN
WEIGHT (ibs} WEIGHT (ibs)
MODEL STRENGTH STRENGTH/ MODEL STRENGTH STRENGTH/
GRIDID ONLY STIFFNESS GRID ID ONLY STIFFNESS
1300 132 132 1610 250 250
1304 168 181 1614 75 75
1310 . 156 168 1622 164 192
1312 270 275 1624 50 106
1320 150 131 1626 60 129
1322 180 180 1628 146 214
1324 240 263 1630 122 122
1326 -504 -488 1634 45 45
1328 144 173 1662 54 69
1330 190 238 1664 22 53
1332 410 477 1666 33 78
1346 234 254 1668 46 92
1348 138 197 1670 140 140
1350 257 318 1674 55 55
1352 364 426
1354 536 536 1702 16 26
1704 19 39
1522 210 230 1706 25 65
1524 103 154 1708 44 104
1526 13 202 1710 180 190
1528 2493 2569 1714 90 90
1530 450 450 1724 8 13
1534 125 125 1746 15 20
1540 180 180 1768 22 26
1562 208 245 1790 104 104
1564 84 165 1794 95 95
1566 108 222 1798 25 25
1568 180 304
1570 340 340
TOTALS 9,602 11,064

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS (FIGURE 9-5)
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NOTE:

XXX = UPPER SURFACE EFFECTIVE THICKNESS {in)
(XXX) = LOWER SURFACE EFFECTIVE THICKNESS (in}

Figure 15-8.

Surface Panel Thickness - Final Design
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TABLE 15-18., TFUEL DISTRIBUTION FOR TANK NO. 16 - STRENGTH VS STRENGTH/STIFFNESS DESIGN

TANK 16 FUEL (Ib/side}

MODEL STRENGTH STRENGTH/
GRID ID ONLY STIFFNESS
0140 1,326 1,182
5150 6,013 5,359
5250 4,775 4,255
0240 1,326 1,182
TOTALS 13,440 11,978

REF. TANK 16 FUEL CAPACITY = 15,200 Ib/SIDE

TARLE 15-19. MOMENT COF INERTIA - WING, PAYIOAD AND FUEL - TASK II

WEIGHT X Y z 'ZZc.g‘
_ ITEM {Ib/SIDE) (F.S.) B.L) | Wi) 108 Shug - f12
WING AND CONTENTS @ OEW (A)

(BL 62 TO TIP) 92,647 2320.1 223.1 275 4.32
PAYLOAD (BL.62) 9,158 1820.4 620 | 310 0.34
FUEL (BL 62 to BL 406) 148,303 2191.0 160.8 | 270 2.18
WING AND CONTENTS @ TOW 250,108 2225.3 180.3 | 2733 7.46

(A) DOES NOT INCLUDE WING FIN AND ENGINES

TABLE 15-20. MOMENT OF INERTIA - AILERON AND QUTBOARD FLAPERON

CONTROL AVERAGE (A) WEIGHT, W 'HL (8)
SURFACE CHORD, C (in.) {ib) {Ib-in.2) (Ib-in.-sec2)
AILERON 65 625 0.602 x 106 1560
OUTBOARD 76 504 6
L APERON 0.662 x 10 1720
(A} MEASURED NORMAL TO HINGE LINE HL
CONTROL SURFACE
(8) W c2 CROSS SECTION
= |(Wes 2
IHL (12 ) + (Wd<) | #
IHL = 0.228Wc2 (Ib-in.2)  WITH d =0.38¢ c l
]
IHL = .00059 Wc2 (ib-in.-sec?)
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STRUCTURAL CONCEPT MASS ANALYSIS

A Method

The Structural Concept Analysis section presents sized elements for selected wing
and fuselage locations fdrieécﬁ sfruétﬁral arrangement. The data reflecté-variable
spar or rib spacing fof each panel concept at the point design region specified.

To determine the unit weights between analysis areas, the 1oad/ﬁembéfature map is
utilized, This permits'uhifwﬁéigﬁgé to be increasea:bf ééé;;éééé with correspond-~
ing changes in the load and temperature environment. Consideration is also given to

the lightly loaded minimum gage regions.

In the locations where wing spars mate to the body frames, the spacing is selected

by the minimum weight combination of the wing and body segments,

Wing. - To obtain the basic wing box structure weight, the unit weights are inte-
grated over the entire wing box areas as pictorially displayed in Figure 15-9,

Assessment is also madz of special structural items, access doors, systems provi-
sions and other non-optimum items. The summation of the basic box structure, con-

trol surfaces, leading and trailing edges, result in the total wing group weight.

Fuselage., = In a similar manner to that described for the wing, four body analysis
areas were selected to investigate the three candidate structural concepts of Task I.
Interpolation between these areas provide sufficient information to derive a total
basic shell structural weight. Special structural features are added to the basic
shell structure to derive the total body weight. The procedure employed is out-

lined in Figure 15-10.

WING STRUCTURE MASS-INITIAL SCREENING

Analysis regions for the initial screening of the candidate structural concepts are

indicated in Figure 15-9., They are described as follows:
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1 \\j—’////ITOTAL
= i WING SEGMENT
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w
2| \_l_—~BODY SEGMENT
i
] ——
41036 SPAR/FRAME SPACING
SELECT SPACING
| AnALYSIS, y 40322
= UNIT WT. US!NG UNIT wrs € 42 ~5
4= UNIT AREA y. LOAL z
V MeoSTEMpAZ— T — TS
/ o 2y
40536 42 o
Z z

40236

2} i 4¢ =BASIC BOX STRUCTURE MASS
PLUS: BODY & OUTB'D JOINT RIBS, MLG WELL STR, ENG. & V. FIN RIB
FLAP, AILERON, SPOILER SUPT. STR.
FUEL BULKHEADS, ACCESS DOORS
JACK FTG'S, FAIRINGS, FILLETS, SEAL. & FINISH
LOCAL REINF., FASTENERS, SHIMS & CLIPS
PROVISIONS FOR SYSTEMS

TOTAL = BOX STRUCTURE MASS

PLUS: L.E.&FLAPS
T.E. & FLAPS, SPOILERS, AILERONS
BODY FAIRING
MLG DOORS

TOTAL = WING MASS

Figure 15-9. Wing Mass Estimation Methodology
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l=— SELECT SPACING
|
i

\_.I.-/ 7 ,
A 7

FRAME SPACING P L’

UNIT MASS

|
4.064 19.05 50.80 63.50
(160) (750) ‘\\\\\\\ (2000} (2500) ‘} 30001
\ !
E ANALYSIS AREAS i <
W, =UNIT MASS IRENGEAN

Si = UNIT AREA

n
? W;S; = BASICSHELL STRUCTURE MASS

PLUS: NOSE AND FLIGHT STATION
NOSE LANDING GEAR WELL
WINDSHIELD AND WINDOWS
FLOORING AND SUPPORTS
DOORS AND MECHANISM
UNDER WING FAIRING
CARGO PROVISIONS
WING/BODY FRAMES AND FITTINGS
TAIL/BODY FRAMES AND FITTINGS
PROV. FOR SYSTEMS
FINISH AND SEALANT

TOTAL = FUSELAGE MASS

Figure 15-10. Fuselage Mass Estimation Methodology
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Point Design Area

Region Location (3q. Ft.)
Lo322 ' Forward Box Ly h
L0536 Aft Box 35.6
41348 . Tip Box : 10,3

By interpolation from the analysis point design regions, unit weights for each con-
cept are applied to the panel areas shown in Figure 15-11 to derive the total box

structural weight.

The initial screening data includes a non-optimm allowance for surface-to-cap
joints of approximately L-percent. Additional non-optimum allowances are applied
to the box weight to arrive at a typical estimate of the "as-constructed"” weight.
These non-optimum allowances are itemized as:

Non optimum
Factor (NOF)

Joints and splices to surface panels T-percent
Margins of safety (average) 3-percent
Sheet tolerances 2-percent
System provisions (Electrical, Fuel Controls) S-percent
Access provisions (one surface only) f-percent
Finish, sealant, misc. 3-percent

Total NOF 26-percent

Use of these allowances, for example, means that a stress analysis which indicates
a Tive pound-per-square-foot panel yields an estimated fabricated weight of

(1.26 x 5.0) = 6.3 pounds per square foot.

For comparison purposes, the wing weight was divided into two major categories:
e Varisble weight

e Tixed weight

The variable weight consists of that portion of the box structure which is influ-
enced by the structural concept being considered, such as the upper and lower sur-

faces and intermediate ribs and spars.

The fixed weight consists of those items which are unaffected by box structural
concept, such as main landing gear provisions, surface controls, engine support

structure, leading and trailing edge structure.
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The least weight concept for each stiffening arrangement is listed in Table 15-21.
From this table, it appears that the convex beaded, chordwise stiffened arrangement
with composite reinforced spar cap is preferred throughout the wing box. BSubse-
gquent fiutter optimization resulted in the monocoque arrangement to be preferred for

the tip structure from the least weight viewpoint,

Chordwise Stiffened Design Concepts

The chordwise stiffened designs employ surface panel concepts that have stiffening
elements oriented in the chordwise direction. The substructure arrangement is
essentially a multispar structure with widely spaced ribs. Submerged caps are pro-
vided except at panel closeouts and at fuel tank bulkheads. Four surface panel con-
cepts were considered (see Section 1 Structural Design Concepts):

e (Circular-arc concave beaded skin

e Circular-arc convex beaded skin

e Trapezoidal corrugation-concave beaded skin

e Beaded corrugation - concave beaded skin

The resulting wing weights are summarized in Table 15-22, The convex beaded con-
cept was found to be significantly lighter than the others evaluated. 1In all
cases, the spar weights are relatively heavy since the surface panels are ineffec-

tive in transmitting the wing span bending loads.

A general expression for deriving box panel unit weights, using the three analysis

point design regions as a starting point, is based on the following parameters:

e Inplane loads: N_, N , N
X Xy

y
e Pressure loads: Ap

The e.pression for the convex beaded optimum panel weight is:

w(1b/ft?) = ('le + lNyl + l2 nyl + 350|Aq4) = (2190)

Where,
N = axial chordwise load (1b/in)
Ny = axial spanwise load (1b/in)
ny = panel shear flow (1b/in)
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TABLE 15-21. SUMMARY OF WING MASS - INTTIAL SCREENING
PLAN CHORDWISE | SPANWISE MONOCOQUE CHORDWISE
AREA CONVEX HAT H/C SAND. COMPOSITE
(£12) ITEM BEADED STIFFENED WELDED REINFORCED
VARIABLE WEIGHT (A) 56,655 62,176 50,796 43,624
1231 | CENTER SECTION (BL 0=62) (8,722) {9,380) (8,274) (6,716)
UPPER SURFACE 1,570 3,377 2,482 1,570
LOWER SURFACE 1,570 3,518 2,532 1,570
SPARS 4,884 1,041 2,325 2,878
RIBS 693 1,444 935 698
5038 | INTERM. PANEL (BL 62-~470) (39,296) (43,478) (35,514) {30,258)
UPPER 7,073 15,652 10,654 7,073
LOWER 7,073 16,304 10,867 7,073
SPARS 22,006 4,826 9,980 12,963
RIBS 3,144 6,696 4,013 3,144
896 | OUTERPANEL (BL 470~TIP) (8,637) (9,318) {7,008} {6,650)
UPPER 1,555 3,355 2,102 1,565
LOWER 1,555 3,494 2,145 1,555
SPARS 4,837 1,034 1,969 2,850
RIBS 690 1,435 792 690
FIXED WEIGHT {41,352) - (41,352)
1047 | LEADING EDGE 5,235 5,235
1955 | TRAILING EDGE 4,888 4,888
BL 62 RIBS 1,430 1,430
BL 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T STRUCTURE 3,580 3,580
484 | MLG DOORS 2,904 2,904
— WHEEL WELL AND ATTACH. 3,750 3,750
800 | WING/BODY FAIRING 1,600 1,600
133 | LE FLAPS 1,130 1,130
553 | TE FLAPS 5,890 5,890
250 | AILERONS 1,250 1,250
225 | SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL (STRENGTH DESIGN 98,007 103528 92,148 84.976

ONLY)

(A) BASED ON 20-INCH SPAR OR RIB SPACING
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TARLE 15-22.

ESTIMATED WING MASS - CHORDWISE STIFFENED

CONCEPT - INITIAL SCREENING

CONCAVE CONVEX TRAPEZOID TRAPEZOID
ITEM BEADED BEADED NO BEAD BEADED
VARIABLE WEIGHT: (58,660} (56,655) (60,236} (61,743)
CENTER SECTION {9,030) (8,722} (9,273) (9,505)
UPPER SURFACE 1,716 1,570 1,762 1,801
LOWER SURFACE 1,716 1,570 1,762 1,901
SPAR CAPS AND WEBS 4,876 4,884 5,007 5,038
RIBS 722 698 742 665
INTERM. PANEL (BL. 62— 470) (40,687} (39,296) {41,780) {42,825)
UPPER SURFACE 7,730 7,073 7,938 8,565
LOWER SURFACE 7,730 7.073 7,938 8,565
SPARS 21,970 22,006 22,561 22,697
RIBS 3,257 3,144 3,343 2,998
OUTER PANEL (BL. 470 —~TIP) (8,943) (8,637) {9,183) {9,413}
UPPER SURFACE 1,699 1,555 1,745 1,883
LOWER SURFACE 1,699 1,555 1,745 1,883
SPARS 4,829 4,837 4,959 4,989
RIBS 716 690 734 658
FIXED WEIGHT: {41,352) (41,352}
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,888 4,888
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCTURE 3,580 3,580
MLG DOORS 2,904 2,904
WHEEL WELL AND ATTACH. 3,750 3,750
WING/BODY FAIRING 1,600 1,600
LE FLAPS 1,130 1,130
TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL {STRENGTH DESIGN 100,012 98,007 101,588 103,095
ONLY)
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Aap = (rﬁpul + y&;wl), pressure load for combined upper and lower surfaces
(lb/ine)
The total variable weight, then, after interpolating to determine each box panel

unit weight is:

W o=(Z LA Si)(l.26) (Reference Figure 15-9)

For the convex beaded concept:

Yy _ 56,655 (1b)

box 7,165 (fte)

W= 56,655 pounds; w =

ave 5 = 7.91 psf

This result is based on the unit weights for the three analysis regions as tabulated

below:
Point Design Re ions(A) w
: € € ave
incl. 1.2
PANEL CONCEPT L0322 40536 41348 <ln§OF) 6
Unit Weights~ Pound per square foot
Conceve~Beaded L.10 11.45 9,85 8.19
Convex-Beaded 3.80 11.30 9.75 7.91
Trapezoidal Corrugation L 35 11.55 9.90 B.h1
Beaded Corrugation L.60 11.60 10,00 8.62

(A) Unit Weights do not include non optimum factor (NOF)

The total variable weight for the other concepts was facilitated by deriving a gen-

eral expression, where:

S
_ [ Zpox \)
wv - (5'17) [3(w240322 + (wll-0536) + (wh13h8)] 1.26

Temperature variation between panels is small and has negligible effect on the
process of weight interpolation, since the structural concept for each point design
already accounts for the effects of thermal stresses. For this reason, weight
interpolation has been performed as a function of inplane loads and normal pressure

loads.
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Spanwise Stiffened Design Concepts

The spanwise stiffened wing concept is a multirib design with closely spaced ribs
and widely spaced spars. The surface panel configurations have effective load car-
rying capability in their stiffened (span) direction. Smooth skins are requiresd
for aerodynamic performance. The four spanwise stiffened designs investigated are
as follows:

® Zee stiffened

e Integral zee stiffened

e Hat stiffened

e Integral stiffened

Their comparative weights are summarized in Table 15-23. As indicated on the
table, the hat stiffener concept is the least weight. In all cases, the spar
weights are relatively light, compared to the chordwise stiffened designs due to

the ability of the surfaces to carry spanwise inplane loads.

A general expression for deriving box panel unit weight is:

w(1b/ft°) = [(| Nx‘ + |Ny| + |2ny| + 350|Ap| ) + (2190)]

where:
N_ = axial chordwise load (1b/in)
Ny = axial spanwise load (1lb/in)
ny = panel shear flow (1b/in)
Ap = pressure load (1b/in2)

Unit weights for each analysis panel of the four structural concepts are from

Section 12 and are summarized below:

Point Design Region(A) wave
incl. 1.26
Panel Concept ko322 L0536 41348 (ln§OF)

Unit Weight ~ Pound Per Square Foot (psf)

Zee stiffened 4,95 13.30 8.55 8.77
Integral zee k.70 13.80 8.50 8.69
Hat stiffened 4.70 13.75 8.50 8.68
Tntegral stiffened 5.40 1k4.25 9.65 9.58

(A) Unit weights do not include non optimum factor (NOF)
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TABLE 15-23. ESTIMATED WING MASS - SPANWISE STIFFENED CONCEPT - INITIAL SCREENTNG

ZEE INTEGRAL HAT INTEGRAL
ITEM STIFFENED ZEE STIFFENED STIFFENED
VARIABLE WEIGHT {62,827) (62,248) (62,176) {68,601)
CENTER SECTION (9,479) (9,393) 9,380) (10,353)
UPPER SURFACE 3,659 3,428 3,377 4,286
LOWER SURFACE 3,327 3,475 3,518 3572
SPAR CAPS AND WEBS 1,043 1,043 1,041 1,046
RIBS 1,450 1,447 1,444 1,449
INTERM. PANEL (BL 62 —~470) (43,931) (43,528) (43,478) (47,962)
UPPER SURFACE 16,957 15,888 15,652 19,856
LOWER SURFACE 15,420 16,105 16,304 16,547
SPARS 4,832 4,832 4,826 4,844
RIBS 6,722 6,703 6,696 6,715
OUTER PANEL (BL 470 —TIP} (8,417) (9,327) (9,318) (10,286}
UPPER SURFACE 3,635 3,404 3,355 4,258
LOWER SURFACE 3,305 3,451 3,494 3,549
SPARS 1,036 1,036 1,034 1,039
RIBS 1,441 1,436 1.435 1,440
FIXED WEIGHT (41,352) (41,352)
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,883 4,883
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCTURE 3,580 3,580
MLG DOORS 2,904 2,904
MLG WHEEL WELL AND ATTACH. 3,750 3,750
WING/BODY FAIRING 1,600 1,600
LE FLAPS 1,130 1,130
TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL (STRENGTH DESIGN 104,179 103,600 103,528 109,953
ONLY)
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Total variable weight after interpolating to determine each box panel weight is:

n

W= z v, s,) (1.26)
1

. For the hat stiffener concept, total variable weight is 62,176 pounds, This

results in an average box unit weight of 8.68 pounds per square foot:

v (1b/£t°) = [(62,176) - (7165)] = 8.68
ave
Total variable weight for the other structural concepts was facilitated by deriving

a general expression where:

s
_ box
W, = (5.275) [(3 Y0322 T Yho536 * "’h13h8) 1.26

The weight distribution between center, intermediate and tip box structure was
taken to be proporticnal to that found in the hat stiffened concept. Weight dis-
tribution between surfaces, ribs and spar is based on the structural analysis data

of Section 12,

Monocoque Design Concepts

The monocoque construction consists of biaxially stiffened panels which support the
principal load in both the span and chord direction. For the substructure arrange-
menﬁ, both multirib and multispar designs were evaluated. The initial screening

and detailed analysis mass estimation of these concepts were performed concurrently

and are reported in Monocoque Wing Design section.

WING STRUCTURE MASS-DETATLED CONCEPT ANALYSIS
As a result of the initial screening process, each of the most promising concepts

were investigated further through the analysis of three additional point design

regions. The results of this analysis effort is summarized in Table 15-24,
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' WING MASS - DETATLED CONCEPT ANALYSIS

ARRANGEMENT CHORDWISE SPANWISE MONOCOQUE HYBRID
SURFACE PANEL CONVEX-BEADED | HAT HAT HONEYCOMB SAND. | gecr
? COMB-

MATERIAL SYSTEM Ti1-6A1.4V | COMPOSITE REINF.| T1-8A1-4V TI-6A14V NATION

CONCEPT NO. (ASSET) ONEORECRNONNONNONNO

VARIABLE WEIGHT 64,658 |48,082 | 53,487 63,482 50,978 53,794 47,268

FORWARD BOX 22,090 |[20580 | 24,184 25,364 21,982 24,057 | 20,580
SURFACES 9,545 | 9,452 | 14,655 15,842 14,656 14,386
SPARS 9,975 | 8,558 6,959 3,913 4,616 5,965
RIBS 2,570 | 2,570 2,570 5,609 2,710 3,706

= AFT BOX (FS 2330 TO 2640} 29,016 |17,384 | 18,592 25,242 19,692 20,153 17,384
SURFACES 7,622 | 7,302 9,225 20,947 13,984 13,824
SPARS 19,880 | 8,568 7,853 2,243 4,060 4,416
RIBS 1514 | 1514 1,514 2,052 1,648 1,913

TIP BOX (BL 470 TO TIP) 13,552 |10,118 | 10,711 12,876 9,304 9,584 9,304
SURFACES 6,464 | 6,397 7,166 10,965 8,059 8,059
SPARS 6,405 | 3,038 2,862 914 928 1,044
RIBS 683 683 683 997 317 481

TOTAL REINF. COMPOSITE (5,480) |(10,668)

FIXED WEIGHT {41,352) {41,352)
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,888 4,888
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCT. 3,580 3,580
MLG ~ DOORS 2,904 2,904

~SUP'T. STRUCT 3,750 3,750
WING/BODY FAIRING 1,600 , 1,600

LE FLAPS 1,130 1,130

TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 ; 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL WING WEIGHT 106,010 | 89,434 | 94,839 104,834 92,330 95,146 88,620

NOTES:

1. ASSEMBLY JOINING FOR ALL CONCEPTS (EXCEPT CONCEPT (4) ) IS MECHANICALLY
FASTENED. CONCEPT(4 S WELDED. .

CONCEPT(E)- COMPOSITE REINFORCED (B/PI} SPAR CAPS ONLY
CONCEPT(G)- COMPOSITE REINFORCED SPAR CAPS AND SURFACE PANELS
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For all-metallic construction, the mechanically fastened monocogue concept is least
weight. However, the application of composite reinforcing (boron-polyimide) to the
spar caps of the chordwise stiffened concept makes its variable weight lowest by
almost 3000 pounds per aircraft, Furthermore, the best combination from a weight
standpoint is an all-metallic, mechanically fastened-monocoque design for the wing
tip structure with the forward and aft boxes constructed of convex beaded, chord-

wise stiffened surface panels with composite reinforced spar caps.

Chordwise Stiffened Wing Design

Analysis results of the 3 additional point design regions plus the three point
design regions used in the initial screening are used to provide a better basis for
evaluation of the variable weights of the wing box weight. The additional regions

are described as follows:

Point Design Ares
Region Location (Ft2)
40236 Aft box 35.0
41036 Aft box LL.h
L1316 Tip 11.9

The loads and unit weights for all six point design regions are compared in

Table 15-25, The optimum unit weight from stress analysis is compared to the esti-
mated unit weight derived from the modified loading parameter equation. This equa-
tion was used to calculate unit weights for the remaining box panels and

re-evaluate the total variable weight.

Panel weights resulting from the detailed concept analysis are shown in Figure 15-12,

These are optimum weights based on strength requirements only.

Fail-safe requirements for each point region are shown in Table 15-26. This data
was converted to an average fall-safe penalty for each of the three point designs.
Figure 15-13 indicates that the faill-safe increment is primarily applied to the
spar web and clips (85-percent) with the remainder (15-percent) applied to the sur-

face panels.

Flutter suppression requires the addition of the increment shown in Figure 15-1L.

For the chordwise stiffened design 2938 pounds per aircraft is reguired.
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TABLE 15-25.

PANEL LOAD AND UNIT WEIGHT - CHORDWISE STIFFENEL DESTGN

PANEL UNIT WEIGHTS

INPLANE LOADS | PRESSURE LOADS | TOTAL PANEL ESTIMATED
POINT Ny UPR. lLJ;vi WEIGHTS
DeEsiGN | Ny (bfin) | LWR_ | (b/in?) SPARS (/) wpaneL A
REGION | Nyy > RIBS (Ib/ft?)
40322 488 -8.33 3.80 3.82
-1,063 -9.47 0.83
-120 17.80 0.94
1.53 (8}
0.50
40236 658 -8.96 12.08 12.55
~16,387 -10.14 1.03
-1,316 19.10 1.25
9.15 (B)
0.65
40536 -1,305 -7.47 11.30 12.33
-14,379 -8.29 1.61
~2,354 15.76 1.34
7.75 (B)
0.60
41036 -1,442 -1.27 8.25 7.40
-9,156 0.11 1.35
-2,237 1.38 1.45
4.95
0.50 (B)
41316 571 4.98 15.38 13.81
~16,982 -0.26 2.60
+4,807 5.24 2.05
10.13
0.60 (B)
41348 -1,433 -5.07 9.75 9.20
~10.800 1.0_ 1.63
2,483 6.07 1.32
6.20
0.60 (B)

(&) Wpanger = [INx| *+ INy| + [2Nyy| + 350japl] = 2100

(B} INCLUDES STRESS NON OPTIMUM FACTOR

15-53




. <  eoT- T
ugTsa(Q PaUSJIJIIS ISTAPIOUD - (9p7S/AT) SIUITOM TIUBR4 wnutadp  2T-6T 9anITd
vs
/ arveoy = X08dlm
9ov \ zev \ ov | 12 z81 8z1L
| st 9% argegoL = X089 1dVy
962 qrozeg = XOHOMdy
£ve ov S6E 9z 81 F4+1) 691 st fa:1" ozl
ez iy
961 902 ve viZ $:19 6Lt rol (1,418 88 <8 88 8 8y
L 444 68V 8EV LEE | BEZE cee 61 ELL 691 viL [A4% i81 S81
sZL
iy £ey vLiE Z6Z 162 L6l 743 1 4°10 ast SsSt £st 991 [a Fx 31
9
Liy S0V SGE v 99z 61 ZLL 1St fa4) 6l oSt ¥9l vZe [§:74
° — —-— — — -
an ® o b P Py P @ P b o P & a b
l1ina n N N N 'Y Y 'Y N - - - - - - -
o w N s % © ~ ~N
: % & & 8§ % 3 & & 8 ¥ 8§ & ] 3

15-54

OF POOR QUALITY

ORIGINAL PAGE IS



DETAILED CONCEPT ANALYSIS

TABLE 15-26. CCOMPONENT WEIGHT DERIVATION - CHORDWISE STIFFERED DE3IGH -

UNIT WEIGHTS (psf)
PANEL NO. SURFACES SPARS FAIL-SAFE RIBS TOTAL
' (B)
]
. 40322 1.77 1.53 (0.10) 0.50 3.80
40236 2.28 9.15 (1.75) 0.65 12.08
40536 2.95 7.75 (0.93) 0.60 11.30
— 41036 2.80 4.95 {0.56) 0.50 8.25
*’ 41316 4.65 10.13 (1.00) 0.60 15.38
41348 2.95 6.20 (0.41) 0.60 9.75
UNIT WT. BOX WT.
{psf) {Ib)
FWD. BOX (AREA = 4136.6 ftZ/AIRCRAFT) TOTAL = 5.340 22,090
FAIL-SAFE
SURFACES 0.122 (1.77 X 9 + 2.80) + 0.0225 2.3075 9,545
SPARS  0.122 (1.53 X 9 + 4.95) + 0.1275 2.4113 9,975
RIBS 0.122(0.5X9+05) + 0.0112 0.6212 2,570
AFT BOX (AREA = 2132.4 #t2/AIRCRAFT) TOTAL = 13.067 29,016
FAIL-SAFE
SURFACES 0.3162 (2.28+2.95+2X 2.80) +  0.150 = 3.574 7,622
SPARS  0.3162(9.15+7.75+2X4.95) +  0.850 = 9.323 19,880
RIBS 0.3162 (0.65 + 0.60 + 2 X 0.50) + 0 0.710 1,514
TIP BOX (AREA = 896 #t2/AIRCRAFT) TOTAL = 15.125 13,562
FAIL-SAFE,
SURFACES 0.3465 (4.65+2.95+2X 1.77) + 0075 = 3.935 3,526
FLUTTER INCREMENT = 3.279 +2,938
SPARS  0.3465(10.13+6.20+2X 1.53) +  0.430 = 7.149 6,405
RIBS 0.3465 (0.6 + 0.6 + 2 X 0.5) + 0.762 683

_ (A} 20-INCH SPAR SPACING

(B} WEIGHT INCLUDED IN SURFACES, SPARS, AND RIBS
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Figure 15-13. Component Weight Penalties for a Damaged Spar Cap Chordwise Arrangement

15-56



U3Tss(@ Yi3dusalg J9AQ paIInboy quUaWRJLOUT FUBIoM J93INTJL "qT-6T &m3I 14

(Sv3IN) @33dS "3Lind

00s [11%) 4 (0.0} : 0sg 00t
Y T ] 'E 1 0
_ ~ =< << <= <
OA M W W W
w
. 8 3| 88 3
o
® g Hﬂ m3 m
X > > o >
m » » 7] »
b F | Iy L . oL
n
ISIMNY IS

NYH1SVN 02

- c— SHT 9P| ey
$81 995/ 3
ANIWIENTEIT I~5T _ [ S8 Y89L =
Q3ZIWILKHO HLONIYLS ¢ |1g3N3 44115 ISIMOYOHD i
. NVUISYN T2 0c
sa1 vL12 | 87 2022

(INNSSY)
SVIN/ 589z = INY/M Y N

P
ANIWIONVHEHY / \\ om
L/, |

7

INDOJONON
NVHLISYN O-C

Sd1 zLiee

7

$87 0122
S87 oveZ

S8 ¥9PT
$87 0482

s871 ¢2s8.Z
S871 8262

(s87) LHOIIM SSINLHI1S TVYNOISHOL dIl ONIM

DNION3S _ \ =
7B NOISHOL , 8 oy
(NOISHOL) 4 .
Q3ZIWIL4O ®
¥311N1
) bl
0!

X 0s

15-57



A build-up to total box weight, including the above increments is tabulated in

Figure 15-15. Cumulative plots of the "strength' weight versus span are al'so shown.

From the total box weight of Figure 15-15, equations were developed to express the
average box unit weight in terms of the detailed stress analysis point design region

unit weight:

(lb/ftQ) 0.1220 (9w

Yewd box hozoe T Wh1036)

4 -2 <,
¥art box (101 ) 0.3162 (”h0236 * Vigs36 * 2¥41036)

2
v ©o/ft . + +
“eip vox (107 ) = o365 (1316 * 138 240322)
These equations are used in Table 15-26 to derive the component weight breakdown

shown in Table 15-2k.

Spanwise Stiffened Wing Design

The detailed concept analysis weights for the hat stiffened concept are obtained by
incorporating into the estimation procedure, the results of the 3 additicnal point

design regions (L0236, 41036 and L1316).

The loads and unit weights for all 6 point design .egions are compared in Table 15-2T.
The optimum unit weight from stress analysis are compared to the estimated unit
weight derived from the modified loading parameter equation. This equation

(Table 15-27) was used to calculate the unit weights for the remaining box panels

and to reevaluate the total variable weight.

Panel weights resulting from this analysis are shown in Figure 15-16. These are
optimum weights based on strength requirements only. No fail-safe increments are

required for the spanwise stiffened design.

Flutter suppression requires the addition of the increment shown in Figure 15-1b to
the wing tip structure. For the spanwise stiffened design 2928 pounds per aircraft

is required to achieve the required flutter margin.
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CHORDWISE STIFFENED - CONVEX BEADED

WEIGHT/SIDE (LB.)

. FWD. BOX AFT BOX TIP BOX
STRENGTH ONLY 8,520 10,668 4,034
NON-OPTIMUM +2,215 +2,774 +1,049
i L FAIL-SAFE +310 +1,066 +224
- FLUTTER - - +1,469
= TOTAL 11,045 14,508 6,776
12
10668
(10.01
psf) \
10 :
8520
(4.12
psf)
8
o
-l
) AFT BOX
= "
5 6
w
3
73]
2
-
g
-
g 4 4034 ,
3 (9.00 |
&) mﬂl
=z
s | |
\ 2667 \
2
FWD. BOX | \ : \
0 ) }—
0 200 400 o 600 800 1000
<
B.L.~ IN. DIST. ALONG REAR BEAM ~ IN.

Figure 15-15. Wing Structure Mass Estimate for Chordwise Stiffened Design
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TABLE 15-27.

PANEL IOAD AND UNIT WEIGHT - SPANWISE STIFFENED DESIGH

PANEL UNIT WEIGHTS
TOTAL
INPLANE LOADS | PRESSURE LOADS olat PANEL ESTIMATED
Ny UPR. UPR WEIGHTS
N Ib/in) | LWR (ib/in?) LWR {ib/ft?) w (A)
PANEL Y n- = n SPARS PANE;
NO. Nyy E: RIBS (Ib/ft?)
40322 : 1" -8.33 4.70 3.81
-1,185 -9.47 1.50
—290 17.80 1.20
0.80
1.20
40236 306 -8.96 12.75 13.84
16,986 -10.14 4.80
~2,542 19.10 5.20
1.40
1.35
40536 518 —-7.47 13.75 14.66
—16,409 -8.29 5.20
—~4,174 15.76 6.35
1.10
1.10
41036 —450 1.27 9.25 8.04
—9,499 0.11 3.70
-3,227 1.33 4.20
0.75
0.60
41316 163 4.98 13.78 13.53
—17,949 0.26 5.70
4,292 5.24 6.35
1.13
0.60
41348 —-1,028 5.07 8.50 8.60
—9,412 1.0 3.40
—2,750 6.07 3.65
0.55
0.90
&) Wpaner = [INx] + [Nyl * [2Nxyl + 350 ap|] +2100
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A tuildg-up of the total wsight for each box serzment is tabulated on Figure 15-17.

Cumulative plots of the strength-design welgrnts versus span are also shown.

Monocogue Wing Design

This section presents the initial screening and detailed concept analysis mass esti-
mation results for the monocoque designs. The three surface panel concepts investi-

gated are as follows:
e Honeycomb sandwich - aluminum vrazed - welded closures
e Honeycomb sandwich - aluminum brazed - mechanical fasteners
e Truss-core sandwich - mechanical fasteners

The relative weights for these 3 concepts are shown in Figure 15-18. These initial
weights are for a 20-inch spar spacing and do not include allowance for weight incre-
ments for fail-safe design or flutter suppression. The data shown on Table 15-28
includes allowance for fail-safe and flutter suppression requirements. Appropriate
spar spacing, as shown on the structural arrangement drawings of Section 18, are also

congidered in determining the detailed weights presented.

The basic unit weight data resulting from the detailed concept analysis are precented
in Section 12 for the monocoque designs. These data identify unit weight of the
surface panels, substructure, and combined surface panels and substructure at each

point design region for strength reguirements.

The scaling equation used for weight interpolation between the design analysis panels

is shown in Table 15-29 for the welded closure concept:

w (/188 = [(lqul +| Nyl +| 2nyl+ 350|Ap!)+(3000)]

with the notation as described earlier for the Chordwise Stiffened Design Concepts.
Panel weights resulting from this interpolation process are shown.,in Figure 15-19 for

the welded closure design.

Weight equations were developed for the wing forward, aft and tip box areas which

depend upon the detail stress analysis at each point design region:
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SPANWISE STIFFENED - HAT SECTION

WEIGHT/SIDE (LB.)

— FWD.BOX | AFTBOX TIP BOX
STRENGTH ONLY 10,065 10,017 3,948
- 2,617 2,604 1,026
oo FLuTT 1,464
9.395 PSF) TOTAL 12,682 12,621 6,438
(A} 10,017
(F) 10,065
10
(4.866 PSF)
8
[}
Q
3 AFT BOX
2 /
g 6
!
[
I
Q
D
z
s 4 3948
3 \ (8.812 PSF)
© |
S I
- |
2344
// l
2 r e
FWD. BOX \ \
0 3 1] \‘
0 200 400 R 600 800 1000
<
B.L. ~IN. l DIST. ALONG REAR BEAM ~ IN.

Figure 15-17. Wing Structure Mass Estimate for Spanwise Stiffened Design
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TABLE 15-28. ESTIMATED WING MASS - MONOCOQUE DESIGN CONCEPT
HONEYCOMB HONE YCOMB
ITEM MECH. FAST. WELDED TRUSSCORE
VARIABLE WEIGHT  {Ib) 60,978 53,794 59,066
FORWARD BOX {1b) (21,082) (24,057) (28,667)
SURFACES 14,656 14,386 20,104
SPARS 4,616 5,965 5,502
RIBS 2,710 3,706 3,061
AFT BOX {ib) (19,692) (20,153) (20,748)
SURFACES 13,984 13,717 14,948
SPARS 4,060 4,523 3,945
RIBS 1,648 1,913 1,855
TIP BOX (1b) (9,304) (9,584) (9,661)
SURFACES 8,059 8,059 8,424
SPARS 928 1,044 806
RIBS 317 481 421
FIXED WEIGHT (1b) 41,352 41,352 41,352
TOTAL WING WEIGHT (ib) 92,330!AD) 95,146'8)(D} 100,418(C){D)

(A} INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 752 LBS.
(B) INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 567 LBS.
(C) INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 454 LBS.
(D} INCLUDES A FLUTTER WEIGHT INCREMENT OF 2,340 LBS.
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TABLE 15-29.

PANEL LOAD AND UNIT WEIGHT - MOKOCOQUE WELDED DESIGN

PANEL UNIT WEIGHTS
TOTAL
INPLANE LOADS | PRESSURE LOADS ——-—UPR PANEL ESTIMATED
Ny UPR. LWR WEIGHT
: N (bfin} | LWR (Ibfin?) (Ib/ft?) (A)
PANEL Y : LWR. SPARS WpANEL
NO. Nyy > RIBS (Ib/ft?)
40322 51 -8.33 4.47 2.40
-529 -9.47 1.14
—191 17.80 0.98
1.65
0.70
40236 -1,193 -8.96 8.60 7.91
~11,638 -10.14 2.51
—2,099 19.10 2.91
2.22
0.96
40536 -3,272 -7.47 8.64 10.05
—11,787 —8.29 2.92
—4,795 15.76 3.30
1.72
0.70
41036 —-2,219 1.27 5.37 5.18
—6,423 0.1 1.87
-3,209 133 1.94
1.09
0.47
41316 —1,587 498 7.25 7.40
—-12,183 0.26 2.71
+3,310 5.24 3.14
1.01
0.39
41348 -1,190 5.07 5.70 5.72
—7,263 1.0 2.02
+3,285 6.07 2.24
1.12
0.33

(A) WpanEeL = [|Nx| + |Ny| *+ [2Nxy| + 350|Ap|] -+3000
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£b ko (10302 * Wu1036)

ab - Sap (Wb0236 * Yhos36 Wu1036)

b - Ftb (wh1316 * 2“&13&8)

Using the welded closure configuration as an example, Table 15-30 presents the method
used to derive component weights shown in Table 15-31 and summarized in Table 15-28,

The basic data used for the analyses are presented in Table 15-32.

The damage tolerance and flutter suppression weight increments are superimposed on
the above results. A flutter penalty of 2340 pounds is identified in Figure 15-1h
for the monocoque design. This value is an estimated amount over the strength-
design requirements to be applied to the stiffness critical wing tip structure.
Fail-safe critical areas are identified for both the wing tip {inbocard) and the aft
box in Figure 15-20. The weight increment is based on fail-safe analysis of the

2 point design regions indicated. The results of these analyses, as shown in
Section 13, indicates that sizable penalties are required to meet the fail-safe
requirements. However, the use of the fail-safe reinforcement provides additional
cross sectional area which reduces the spanwise (Ny + 1.5 T) limit stress level
from 52 ksi to 35 ksi or approximately 33 percent. This permits further reduction
of the surface panel thickness and fail-safe reinforcement. This load redistribu-
tion process results in a surface panel thickness and fail-safe reinforcement com-
bination shown on Table 15-33 and 15-34 for point design regions 40536 and L1348,
respectively. As indicated on the tables, these results are applied to establish
the mass increment to satisfy the fail-safe requirements for the wing aft box and
tip box structure. The applicable areas (Figure 15-20) were obtained by reviewing
the critical inplane loads and surface panel thicknesses and comparing the resulting
1imit stresses to the stress levels at the respective point design regions. The
tables further define the weight increment for the various insert/closures used
with the honeycomb panel design. It is noted that the welded closure method requires
a smaller fail-safe increment than the mechanically fastened approach. Also, the
welded method results in 540 pound reduction in fuel tank sealant in the forward
and aft boxes. Unfortunately, the panel edges required for sufficient weld thick-
ness and module-approach of assembly results in the welded design to be three-

percent heavier than the mechanically fastened design.
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TABLE 15-30. COMPONENT UNIT WEIGHT DERVIATION - MONOCOQUE WELDED DESIGN
OPTIMUM UNIT WT.
OPTIMUM BOX PLANFORM - UNITWT. NONOPT  _  (INCLN.O.F)
WEIGHT (lb/side) AREA (ft%/side) {psf) FACTOR (psf)
FWD 9508 2068.3 4597 1.26 5.792
AFT 7871 1066.2 7.382 1.26 9.302
TIP 2781 448.0 6.207 1.26 7.821
A
UNIT WEIGHT EQUATION (20-inch SPAR SPACING):
we = 0.180 (6 X 4.47 + 5.37) = 5.792 psf
W, = 0.4114 (8.6 + 8.64 + 5.37) = 9.302 -
W, = 04194 (7.25 +2 X 5.70) = 7.821 J
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TABLE 15-31.

ESTIMATED WING STRUCTURE MASS - MONOCOQUE (WELDED} CONCEPT

UNIT BOX
WEIGHT WEIGHT
ITEM (psf) (Ib)
FWD. BOX (AREA = 4136.6 ft2/AIRCRAFT) TOTAL = 5.816 24,057
w = 0.180 (6 X 2.63 + 3.9) = 3.543 14,656
SURFACES { repUCED TANK SEALANT REQUIREMENT = 0.065 -270
SPARS w = 0.180 (6 X 1.16 + 1.05) = 1.442 5,965
RIBS w = 0.180 (6 X 0.75 + 0.48) = 0.896 3,706
AFT BOX (AREA = 2132.4 #t2/AIRCRAFT) TOTAL = 9.451 20,153
REDUCED TANK SEALANT REQUIREMENT = 0.125 267
SURFACES ) = 0.4114 (554 + 6.5 + 3.9) = 6.558 13,984
w = 0.4114 (2.08 + 1.54 + 1.05) = 1.921
SPARS {FAIL-SAFE PROVISIONS 0.20 } 4,523
RIBS w = 0.4114 (1.00 + 0.70 + 0.48) = 0.897 1,913
OUTER BOX (AREA = 896 ft2/AIRCRAFT) TOTAL = 10.697 9,584
w = 0.4194 (6.22 + 2 X 4.50) - *6.383 5,719
SURFACES {FLUTTER PREVENTION - 2.612 +2,340
w = 0.4194 (0.72 + 2 X 0.85) = 1.015} 1044
SPARS FAIL-SAFE PROVISIONS - 0.150 .
RIBS w = 0.4194 (0.48 + 2 X 0.40) = 0.537 481
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TABLE 15-32. BASIC UNIT WEIGHT DATA FOR MONOCOQUE CONCEPTS

o UNIT WEIGHTS (psf) -
DESIGN POINT SPAR
CONCEPT DESIGN SPAC. {in.) SURFACES SPARS RIBS TOTAL
— 4
= HONEYCOMB 40322 34.0 2.63 1.16 0.75 4.54
: SANDWICH 40236 234 5.54 2.08 1.00 8.62
BRAZED-
WELDED 40536 23.4 6.50 1.54 0.70 8.74
41036 23.4 3.90 1.05 0.48 5.43
41316 35.0 6.22 0.72 0.48 7.42
41348 30.0 4.50 0.85 0.40 5.75
- HONEYCOMB 40322 34.0 2.63 0.86 0.54 4.03
SANDWICH 40236 23.4 5.54 1.85 0.88 8.27
BRAZED-
MECH. 40536 23.4 6.50 1.35 0.60 8.45
FASTENERS 41036 23.4 3.90 0.82 0.40 5.12
41316 36.0 6.22 0.56 0.34 7.12
41348 30.0 4.50 0.74 0.26 5.50
— TRUSSCORE 40322 34.0 3.75 1.10 0.60 5.45
:,.:':';E.WICH 40236 23.4 5.85 1.90 0.90 8.65
FASTENERS 40536 23.4 6.70 1.35 0.70 8.75
41036 23.4 4.50 0.80 0.50 5.80
41316 35.0 6.50 0.50 0.50 7.50
41348 30.0 4.85 0.60 0.30 5.75

REFER TO SECTION 12 STRUCTURAL CONCEPT ANALYSIS
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Composite Reinforced-Chordwise Stiffened Wing Design

The chordwise stiffened arrangement described earlier, provides the basic approach

offering the maximum mass savings potential for application of composites to the

design. The two composite reinforced designs investigated are as follows:

¢ ) e Composite reinforced spar éaps with metallic beaded surface panels

e e Composite reinforced spar caps and surface panels

A comparison of these two reinforcing methods are presented in Table 15-35 with their
— all-metallic counterpart. The results.show an ll-percent to 13-percent reduction in
total wing weight. 1Initial screening data used to derive this comparison is reported

in Section 12.

- Since the aforementioned results indicated that both concept weights were very close
to each other, further detailed analyses were conducted. The results of the latter
is presented in Tables 15-36 and 15-37. An interesting conclusion, when comparing
the reinforced spar caps only with the all metallic design, is a one pound
reduction in structure weight for each 0.L0-pound of B/PI composite rein-

forcing material used.

Using the same equations as described earlier in the Chordwise Stiffened Design
section, the box component weights are derived in Tables 15-38 and 15-39. Fig-

ure 15-21 shows the relationship between the all-metallic and composite reinforced
spar cap optimum panel unit weights. For a minimum-gage all-metallic design (3.8 psf)
there is no weight reduction possible by reinforcing the spar caps, since no further
reduction in gages is possible. However, for a highly loaded all-metallic panel
weighing 15 pounds per square foot, the addition of 2.4 pounds per square foot of
composite reinforcement to the spar caps will reduce the overall panel weight to

9 pounds per square foot.

Wing Tip Mass for Structural Arrangements

Surface panel shear thickness is a critical parameter for evaluation of outer wing
torsional stiffness and flutter speed. Therefore, the estimated thicknesses used in
the NASTRAN 2-D model were compared with those derived from the detailed stress
analysis (strength design only) as shown in Figures 15-22 through 15-24. This data
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TARLE 15-35. COMPARISON OF COMPOSITE REINFORCED DESIGNS

ARRANGEMENT CHORDWISE STIFFENED
PANEL CONCEPT CONVEX BEADED
COMPOSITE REINFORCED
MATERIAL ALL
APPLICATION METALLIC SURFACE AND SPAR CAPS SPAR CAPS
(SEE NOTES} (A) (B} (A)

VARIABLE WEIGHT (56,655} (44,474) (43,624)
CENTER SECTION (8,722) (6,847) (6,716}

UPPER SURFACE 1,570 1,689 1,670

LOWER SURFACE 1,570 1,680 1,570

SPAR CAPS AND WEBS 4,884 2,780 2,878

RIBS 698 698 698
INTERM PANEL {39,296} (30,847} (30,258)

UPPER SURFACE 7.073 7.610 7,073

LOWER SURFACE 7.073 7,593 7,073

SPAR CAPS AND WEBS 22,006 12,500 12,963

RIBS 3,144 3,144 3,144
OUTER PANEL (8,637) (6,780) {6,650}

UPPER SURFACE 1,655 1,680 1,555

LOWER SURFACE 1,555 1,660 1,655

SPAR CAPS AND WEBS 4,837 2,750 2,850

RIBS 690 690 690
FIXED WEIGHT {41,352) {41,352) (41,352)
TOTAL (STRENGTH DESIGN 98,007 85.826(C) 84,976

ONLY)

NOTES:
{A) 20-inch SPAR SPACING, 60-inch RIB SPACING

{B) A40-inch SPAR SPACING IN HIGHLY LOADED AREAS ONLY

{C) FORWARD BOX {FWD OF F.S. 2330) IS ALL METALLIC.
TOTAL WEIGHT IS 89,494 Ibs FOR 40-inch SPAR SPACING AND
REINFORCED SURFACE AND CAPS THROUGHOUT.
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TABLE 15-38. COMPOKENT WEIGHT DERIVATION - COMPCSITE REINFORCED
SPAR CAPS ONLY

UNIT BOX
A. COMPOSITE REINFORCED SPARS ONLY WEIGHT WEIGHT
(20-inch SPAR SPACING) (Ib/ft2) {ib)
FORWARD BOX: (AREA = 4136.6 #t2/AIRPLANE) 4.975 20,580
e SURFAGES {9,452)
SAME AS ALL-METALLIC (LESS FAIL-SAFE)
e SPARS =  0.122 (1.53 X 9 + 2.375) + 0.090 2.069 (8,558)
(COMPOSITES: 522 Ib)
AFT BOX: (AREA =2132.4 ft2/AIRPLANE) 8.152 17.384
e SURFACES (7,302)
SAME AS ALL-METALLIC LESS FAIL-SAFE)
e RIBS (1,514
e SPARS =  0.3162 (4.21+3.72+2 X 2.375) + 0.009 4.018 (8,568)
{COMPOSITES: 3,762 Ib)
TIP BOX: (AREA = 896.0 ft2/AIRPLANE) 11.292 10,118
¢ SURFACES (3,459)
}SAME AS ALL-METALLIC LESS FAIL-SAFE)
e AIBS {683)
e SPARS =  0.3465(3.97 + 274 +2X 1.53) + 0.005 = 3.390 (3,038)
(COMPOSITES: 1,196 ib)
e FLUTTER INCREMENT 3.279 (2,938)

TOTAL COMPOSITE MATERIAL WEIGHT: 5,480 b
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TABLE 15-39. COMPONENT WEIGHT DERIVATION - COMPOSITE
REINFORC?D SPAR CAPS AND SURFACES

UNIT BOX
B. COMPOSITE REINFORCED SPARS AND 7 WEIGHT | WEIGHT
SURFACES (40-INCH SPAR SPACING) (Ib/f2) (ib)
FORWARD BOX: (AREA = 4136.6 ft2/AIRPLANE) 5.846 24,184
e SURFACES = 0.122 (9 X 2.838 + 3.449) + (0.006) (3.543) | (14,655)
(COMPOSITES: 1,635 Ib)
e RIBS (SAME AS METALLIC) (0.621) (2,570)
® SPARS  =0.122(9 X 1.31+ 2.175) — (0.022) (1.682) (6,959)
(COMPOSITES: 919 Ib)
AFT BOX: (AREA = 2132.4 ft2/AIRPLANE) ‘ 8.719 18,592
e SURFACES =0.3162 (3.293+3.49 + 2 X 3.449) = (4.326) (9.225)
(COMPOSITES: 1,414 Ib) :
¢ RIBS {SAME AS METALLIC) ' (0.710) (1,514)
® SPARS  =0.3162(3.996 + 3.51+ 2 X 2.175) — (0.066) = (3.683) (7,853)
(COMPOSITES: 4,578 Ib)
TIP BOX: (AREA = 896.0 ft2/AIRPLANE) 11.954 10,711
® SURFACES = 0.3465 (4.425 + 3.517 + 2 X 2.838) = {4.719) (4,228)
(COMPOSITES: 536 Ib)
e RIBS (SAME AS METALLIC) {0.762) (683)
® SPARS  =0.3465 (4.062 + 2.643 + 2 X 1.31) — (0.037) (3.194) (2,862)
(COMPOSITES: 1,586 Ib)
e FLUTTER INCREMENT (3.279) (2,938)

TOTAL COMPOSITE MATERIAL WEIGHT: 10,668 Ib.
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NOTE: SHEAR THICKNESS, (ts) = 0781

WHERET = EQUIVALENT WEIGHT THICKNESS
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NOTE: SHEAR THICKNESS (t) = 0.40t
WHERE t = EQUIVALENT WEIGHT THICKNESS
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NOTE: SHEAR THICKNESS (t) = 0.97t

WHERE t = EQUIVALENT WEIGHT THICKNESS
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was used as the basis for evaluation of the flutter increment required for each

structural concept (Reference Figure 15-1L).

These mass data comparisons included only that portion of the outer box which lies
perpendicular to the rear beam and outboard of butt line 470 as pictorially dis-

played on Figure 15-25.

From a weight efficiency standpoint, the monocogque arrangement is preferred, since
97-percent of the surface panel weight is effective in providing torsional stiffness.
By comparison, the effective shear thicknesses for the chordwise and spanwise

stiffened arrangements are only 78-percent and 40-percent, respectively.

Wing Tip Mass Distribution Comparison

The aeroelastic analysis of Task I used a single mass distribution for the 3 wing
structural arrangements. Since wing tip mass distribution has a significant effect
on flutter speed, several comparisons were made reétween the Task I and Task II dis-
tributions. Figure 15-26 compares the dead weight shear measured spanvise along
the rear beam. The wing tip structure center of gravity at a percent of chord and
wing weight distribution (pounds per inch) in the spanwise direction is cémpared

in Figure 15-27. The wing tip box geometry is displayed in Figure 15-28 and shows
that the Task IT planform and wetted areas are slightly larger than Task 1, while

1he effective span is decreased about 10 percent.

FUSELAGE STRUCTURE MASS-INITIAL SCREENING

The basic structural arrangement for the fuselage design is a uniaxial stiffened
structure of skin and stringers with supporting frames. The panel structural con-

cepts investigated are as follows:
® Zee stiffened
o Closed-hat stiffened
e Open-hat stiffened

Figure 15-29 presents the body perimeter, width, height and cross sectional areas

of the fuselage. The perimeter was used to calculate the wetted areas for 200 inch

NAL PAGE 18 15-85
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WING SECTION MASS CENTER OF GRAVITY LOCATION

TASKIIA&HB\

SPANWISE WEIGHT DISTRIBUTION
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Figure 15-27. Wing Tip Mass Distributions - Task I and Task II
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Figure 15-28. Wing Tip Box Geometry - Task I and Task II
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segments. In the region of the wing box carry-through structure the body area is
the circular arc segment above the uvper wing surface. The segment areas and skin
and stiffener unit weights are illustrated in Figure 15-30. The zee, oven-hat and
closed-hat stiffened concepts were analyzed at Fuselage Stations 2000, 2500 and
3000. As indicated on the figure, the closed-hat is 5- to 10-percent lighter and is
selected for the weight calculation. The forward cabin utilizes zee stiffening

and the transition assumes straight line extrapolation between the analysis points.

¥USFLAGE STRUCTURE DETAILED ANALYSIS

For the detailed concept analysis, complete frame data and revised dats for the
closed-hat panel design wererdetermined. The results of the analysis are identified
on Table 15-40 in the shaded-column. The total fuselage weight for the zee- and
open-hat stiffened shell are also shown. These data reflect the initial screening
panel weights combined with the newly determined frame data for the closed-hat design.,
The weight trends, as indicated for the initial screening data for the panel concepts
in Figure 15-30, are 5~ to 6-percent lighter for the selected design concept., A
minimum skin gage of .050-inch was used for the aft fuselage to meet the preliminary
sonic fatigue requirements. Figure 15-31 and Table 15-41 illustrate the method used
to derive the detailed fuselage shell weight for the closed-hat design. The mass
data includes a non-optimum factor (NOF) applied to the shell structure unit weight
to arrive at a typical estimate of the "as-constructed" weight. These non-optimum

allowances are itemized as:

Non-Optimum
Factor (NOF)

Joints and splices L_percent
Margins of safety (average) 3-percent
Sheet tolerances 2-percent
Access provisions 2-percent
Finish, sealant, misc, 3-percent

Total NOF ’ lb-percent
ORIGINAL PAGE I8 15-91
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Use of these allowances, as described earlier in the Wing Structure Mass-Initial

Screening section, means that a stress analysis which indicates a 3-pcunds-per-

square-foot panel yields an estimated fabricated weight, (1.1h x 3.0) = 3.52 pounds

per square foot.

TABLE 15-40. FUSELAGE CONCEPT WEIGHTS - DETAILED CONCEPT ANALYSIS

AVERAGE SHELL MASS = 0.232 (W750 + W 2000 + W 2500 + w3000 + W3723)

OPTIMUM UNIT MASS (psf) AT STATION: 750
2000
2500
3000
0.05 inch (.064 mm) FOR SONIC FATIGUE 3723

AVERAGE SHELL MASS (INCL. NOF),WSHELL

SHELL AREA (FS 690 TO 3723) = 7,167 12 (666 m?)
SHELL MASS = (1b)

FIXED MASS

NOSE AND FLIGHT STATION
NLG WELL

WINDSHIELD AND WINDOWS
FLOORING AND SUPTS.
DOORS AND MECHANISM
UNDERWING FAIRING
CARGO COMPARTMENT PROV.
WING/BODY FITTINGS
TAIL/BODY FITTINGS

PROV. FOR SYSTEMS

FINISH AND SEALING

TOTAL FUSELAGE MASS {ib)
(ka)

—

JL

(iIb/ft2)
(kg/mz)

(kg)

1.56 1.56
3.54 3.51
4.03 3.86
3.54 3.51
2.15 2.15
3.44 3.39

(16.80) (16.55)

24,654 24,296
(11,183) (11,020)
2,500
900
1,680
3,820
4,170
S 19,540
1,870 (8,863)
1,060
1,500
600
740
700 _
44,194 43,836
{20,046} {19,884)
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TAELE 15-41. FUSELAGE SHELL WEIGHTS - CLOSED HAT-STIFFENED PANEL CONCEPT - TASK I

(Al SHELL
SECT. PERIMETER AS UNIT AWgpr CG.
F.S. (in.) (H2) WT. {psf) {1b) (in.)

t

690 - 800 445 340 1.55 527 745
800 - 1000 457 635 1.80 1143 900

- 1200 457 635 2.12 1346 1100
- 1400 460 639 2.42 1546 1300
- 1600 462 642 2.70 1733 1500
- 1705 467 340 2.90 986 1653
1705 - 2640 270 1753 3.35 5873 2175
2640 - 2800 425 472 3.50 1652 2720
- 3000 397 551 3.45 1901 2900
- 3200 347 482 3.35 1615 3100
- 3400 272 378 3.13 1183 3300
- 3600 173 240 2.75 660 3500
-3723 70 60 2.33 140 3660
TOTALS 7167(8) 20,305(C) 2150

(A} AVERAGE DATA FOR SHELL
(8) CUTOUT FOR WING EXCLUDED

(C) OPTIMUM WEIGHT; "AS-FABRICATED” WEIGHT = 1.14 X 20,3056 = 23,1481b
(SKINS = 11,423 Ib; STIFFENERS = 8,120 Ib; FRAMES = 3,605 [b)
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Wing and fuselage welght ulting from the detailed concevt analysis effort of

s
Task I are reflected in the ASSST Progrem printouts. Dalta are nresented for: (1)} the

»
a‘reraft scaled up to meet the range objective of 4200 nautical miles (7778 kilo-

meters) and (2) the aircraft which has a takeoff weight of 750,000 vounds (3L0,00C

kilograms) with variable range as dictated by the availatle fuel.

Table 15-L42 summarizes the results of the ASSET runs for ecg, reference.

The wing concepts are described below:
1. Chordwise stiffened, Ti-fA1-UV Convex-beaded - mechanicai fasieners
2. Spanwise stiffened, Ti-AA1-L4V Hat - mechanical fasteners
3. Monocojue, Aluminum btrazed honeycomb sandwich - mechanical fasteners
L. Monocogue, Aluminum brazed honeycomb sandwich - welded
5. Chordwise Stiffened, Convex-beaded, B/PI, composite reinforced svars
6. Best Combination:

e Concept 5 for forward and aft box structure

e Concept 3 for outer box structure

In all cases, the wing loading at takeoff (WTO/S) is 69.3 pounds per square foot and
the thrust loading (T/WTO) is 0.477 pounds of thrust per pound of takeoff welght.
This is an uninstalled S.L.S. thrust of 89,466 pounds per engine, increasing engine,

nacelle and air induction weights over those carried for Task I.

FINAL DESIGN AIRPLANE MASS ESTIMATES

Detailed weight descriptions of the wing and fuselage for the Final Design airplane

are given in Tables 15-43 and 15-Li, respectively.

() 15-96
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TABLE 15-L.3. FINAL DESIGN AIRPLANE - WING MASS ESTIMATE

ITEM WEIGHT (Ib)
VARIABLE WEIGHT 49,232(AIB)
. FORWARD BOX (PLANFORM AREA = 4136.6 ft2) {20,580}
e SURFACES ~ CONVEX BEADED, CHORDWISE STIFFENED 9,452
e SPARS ~ INCLUDING 522 Ib COMPOSITES 8,558
¢ RIBS 2,570
AFT BOX (PLANFORM AREA = 2132.4 f12) {17,384)
o SURFACES ~ CONVEX BEADED, CHORDWISE STIFFENED 7.302
e SPARS ~ INCLUDING 3,762 Ib COMPOSITES 8,568
e RIBS 1514
TRANSITION ~ AFT BOX TO TIP BOX (1,380}
TIP BOX (PLANFORM AREA = 947 t2) (9,888)
e SURFACES ~ BRAZED HONEYCOMB SAND., MECH. FAST. 8,235
e SPARS 1,336
e RIBS 317
PLANFORM
FIXED WEIGHT ~ AREA (ft2) 41,352
LEADING EDGE 1,047 5,235
TRAILING EDGE 1,841 4,888
WING/BODY FAIRING 800 1,600
LEADING EDGE FLAPS/SLATS 133 1,130
TRAILING EDGE FLAPS/F LAPERONS 553 5,890
AILERONS 250 1,250
SPOILERS 225 1,360
MAIN LANDING GEAR ~ DOORS 484 2,904
SUP'T. STRUCTURE 3,750
B.L. 62 RIBS 1,430
B.L. 470 RIBS 700
FIN ATTACH RIBS (B.L. 602) 435
REAR SPAR 3,400
ENGINE SUPPORT STRUCTURE 3,580
FUEL BULKHEADS 3,800
TOTAL WING WEIGHT 90,584

(A} INCLUDES FAIL-SAFE PENALTY OF 822 Ib
(8) INCLUDES COMPOSITE MATERIAL WEIGHT OF 4,284 |b
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TABLE 15-LL., FINAL DESIGN AIRPLANE - FUSELAGE MASS ESTIMATE

ITEM WEIGHT (ib)

SHELL STRUCTURE 22,582(A)

P

' SKIN 11,144
o STIFFENERS 7,921
FRAMES 3517
FIXED WEIGHT 19,540
NOSE AND FLIGHT STATION 2,500
. NOSE LANDING GEAR WELL 900
WINDSHIELD AND WINDOWS ' 1,680
FLOORING AND SUPPORTS 3,820
DOORS AND MECHANISM 4,170
UNDERWING FAIRING 1,870
CARGO COMPARTMENT PROV. 1,060
WING TO BODY FRAMES AND FITTINGS 1500
TAIL TO BODY FRAMES AND FITTINGS 600
PROV. FOR SYSTEMS 740
FINISH AND SEALANT 700
TOTAL FUSELAGE WEIGHT 42,122

(A) INCLUDES FAIL-SAFE PENALTY OF 1,432 |b
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The wing vox {variable welght) represents the test combirnation of siructural
concerts, that is:
e “orvard and aft vox: convex t2adsd, chordwise stiffened surfaces with
comresite reinforcsd STEY cavs.
e OJuter box: brazed honeycomb sandwich surfaces, mechanically fastened
closures.
Tre weight description includes fail-safe provisions, allowances for flutter vre-
v

vention,
fixed weight consists of those

such a

craft.

&
3
jo N
«
]
3
ct
0]
=
o]
O

The fuselage
fixed weight.
while the fixed weight such as
unaffected.

temporary aircraft.

changes for manufacturing/design consiraints.

surface controls, engine rails, leading and trailing edge stiructure.

are weighed by comparison with previous suversonic

weight iz also divided into two major categories, shell

b

items which are unaffected by box struciural concert,
Items

~
<

cruise aircraft

L g

welght and

Here again the shell weight is dependent upon structural concert,

doors, windows, flight station and fairing are

Pixed weight items are evaluated by comparison with L-2000 and con-

WING STRUCTURE MASS

The wing structure mass for the Final Design Airplane is based on the NASTRAN

strength-stiffness bulk data {Reference Section @, Structural Analysis Models).

Appropriate non-optimum factors are applied to the integrated mass data to obtain

the "as-constructed" wing weights.

The effect of the various design parameters on the sizing of the structural elements

are included in the determination of the bulk data flexibilities.

include:
e Strength
e TFatigue Life
e Temperature
e Thermal Stress
e TFiutter

(IRIGIBLQL

QUAUTZ

The parameters

e Aeroelastic Loads
e Jig-shape Effects on Loads
e Design & Manufacturing
e Material Selectign (Including Composites)
e Minimum Gage
15-100
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The integrated mass for the wing surface panel, substructure ard non-crtimum fector
are showr at each grid point of the éing planform of Figure 15-32. Mass summatlions
for the forward, aft, and tip boxes and transiticn are shown. Aprropriate allcw-
ance for fail-szfe requirements at the transition of the monocoque tip design to

the chordwise stiffened aft box are included.

Figure 15-33 presents & comparison of the forward and aft Tox welghts for the
strength and strength-stiffness design. The cumulative welights for the wing intoard
of BLLTO are presented. The data generated indicated that exceri lor small devia-

tion in the aft box region, the strength-desigr and the strength/stiffness design are
=%

d
essentially unchanged. The change in aft box weight is partially attributed to load
increases from jig shape effects on aercelastic loads. These aft bex mass increases

as well as the wing fixed weight items ars reflected in the SIC distritutior.

Tatle 15-45 yresents the mass increments required to meet the specified fail-safe
criteria. The unit weight data are as calculated in Section 13 and distrituted to
the aft box and wing tip structure accofding to the associated stress levels. The
data indicates the aft box penalties aprear to be localized iﬁ the region of the
rropulsion system installations. The wing tip penalties are associated with span-
wise fail-safe straps required to stop propagation of a chordwise crack in both
skins of the honeycomb sandwich panels. It appears that this penalty can te further
minimized if the tip structure were specifically designed to meet the stiffness
requirement to suppress flutter in light of the fail-safe design requirements.
Application of boron-aluminum surface panels in lieu of titanium honeycomb sandwich
and considering a multispar design to minimize chordwise crack growth offer signi-

ficant potential mass reduction for the wing tip structure design.

Fuselage Structure Mass Estimates

The fuselage mass estimates for the Final Design airplane are based on the verifi-
cation of the results of the Detailed Concept Analysis-of Task I (refer to

Figure 15-31). The "as-constructed" fuselage weights vere established by applica-
tion of a non-optimum factor to the shell (i.e., skin-stringer and frame) unit
weight determined for the five selected fuselage stations. This data is again
presented on Figure 15-3L, as corrected for the shortened nose and slightly altered

wing carry through structure. Superimposed on the figure are (1) the verified unit

ORIGINAL PAGE Isﬂ | 15-101
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weights from the 3-D finite element structural model and (2) the unit weight
calculations from detailed analysis of Task II which includes the strength and fail-
safe requirements. The results of the dstailed analysis (including strength and
fail-cafe desiyn) are presented in Table 15-46 for F.S. 900, F.S. 1910, F.S. 2500
and F.5. 2900. Thie mass trends are very nazar the optiﬁum'shell weights calculéted
for Task I. 1In the aftbody, the results indicate values less than previously used.
Rather than reduce the mass trends in the aftbody, the originally determined trends
were maintained to provids adenquate structural integrity for asymmetric conditions
which were not fully investigat=d Tor the fuselage design.

Figure 15-35 presents the impact of composite reinforcement of the titanium hat
section sﬁringers with beron-aluminum and boron-polvimide. The results were con-
strained by frame an? stringer spacing. Although aprroximately S-percent reduction
in shell structure unit weight is indicated on Figure 15-35, the effect on the total
body weight is only slightly greater than l-percent. The application of horon-
polyimide shows slightly increased benefits over boron-aluminum. The Final Design
airplane retains the basic skin-stringer-frame construction using titanium alloy

6A1-LV (annealed), although in the interior region (i.e., floors, floor beams, trim)

epoxy resin composites are employed in selected areas.
poxy b pLOY
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TABLE 15-45. WING STRUCTURE FAIL-SAFE PENALTY

MASS INCREMENT
EFFECTIVE AREA
WING STRUCTURE POINT DESIGN (#2) {Ib/f12) (Ib)
AFT BOX 41036 264.4 1.39 368
40536 209.0 1.63 340
z {708)
TIP BOX 41316 115.8 0.81 94
41348 214.4 0.09 20
T (114)
TOTAL FAIL-SAFE PENALTY (822)
TABLE 15-46. FINAL DESIGN AIRPLANE - FUSELAGE UNTT WEIGHTS
(1 EUSELAGE UNIT WEIGHTS (Ib/ft2)
FAIL-SAFE T
POINT DESIGN REGION PANEL FRAME PENALTY ¥ TOTAL
FS 800 - 1000 1.20 022 0.25 1.76
FS 1865 - 1955 2.40 0.46 0.22 3.08
FS 2485 - 2565 2.53 051 0.46 3.50
FS 2800 - 3000 2.56 0.20 0.10 2.86

{1) EXPRESSED AS EQUIVALENT SURFACE PANEL WEIGHT

15-108




SSEl 2Jn3onJaqg TIoUg o9rTasny UC sjuawsdsojutsy o41sodwo) jo 1oeduy °¢E-GT 8.n3T4

HONI v NOLLVLS 39V13snd

000€ 0002 0001 o
. . .
(NOILINA3Y 1N3IJHId) \ ,
WNNIWNTVY-NOHOS
\ A .
(NOLLONO3Y 1NIOHIJ)
30IWIAT04-NOHOg
oL
SHIDNIHLS
™ 0304OINIZY o
3 LISOdWOD / .

i 3
819107 ___—] SzZ9'LY 955'Lp zzL'zy 1vioL

gizesze — |
(Ap-1Ive-11) ovS'6L ovs'6L 0vS'6L a3axid
113HS OISV S80'22 91022 28522 113HS | — 0L XSE
"ANI13Y "ANI3Y AYIV9 (87) AHVWWNS
Iv/a 14/8 WNINVLIL 1M 39V13snd

_ _ _ | |

87 — LHOIIM T13HS JALLVINWND
15-109

QNV LHOI1IM LINN 40 NOILONG3Y INIJHId






- REFERENCES

1. Mach 2.7 Fixed Wing SST Model 969-336C (SCAT-15F) DHA11666-1 and DEAL1G66-2,
The Boeing Company, July 1969

15-111






- SECTION 16
PRODUCTION COSTS
BY

W. NEWCOMB






T

Section

INTRODUCTION
COST METHODOLOGY
DETAIL COSTING
COST RESULTS

TABLE OF CONTENTS

16-1

Page
16-1
16-1
16-2
16-7






LIST OF FIGURES .

Flgures Page

16-1 Cost Analysis Methocdology 16-3

16-2 Wing Point Design Regions 16-3

16-3 Wing Forward Area - Cost Analysis Region 16-L

16-k Structural Details - Chordwise Stiff'ened Wing Design 16-4L

16-5 Structural Detalls - Spanwlse Stiffened Wing Design 16-5

16-6 Structural Details - Monocogque Wing Design 16-5

- 16-7 Structural Details - Monocoque (Welded) Wing Design 16-6
- 16-2 Structural Details - Composite Reinforced Wing Design 16-6

PRECEDING PAGE BLANK NOT FILMED

16-111






LIST OF TABLES

Table Zage

16-1 ‘Total Manhour, Material & Tooling Costs : 16-8

16-2 Production Costs - Chordwise Stiffened Wing Design 16-9

‘ 16-3 Production Costs - Spanwise Stiffened Wing Design 16-10

A 16-4 Production Costs - Monocogque Stiffened Wing Design 16-11

16-5 Production Costs - Monocogque (Welded) Wing Design 16-12

o 16-6 Production Costs - Composite Reinforced Wing Design 16-13
16-7 Swmeary of Production Costs 16-14

P RECEDD\,‘G P
AGE BLANEK
NoT F]LMED

16-v






SECTION 16

PRODUCTION COSTS

IRTRODUCTION

The results of the analyses performed to develop production costs of the five wing

structural arrangements are presented in this section.

The design concepts are identified as follows:
(1) Chordwise stiffened wing design (Mechanically fastened)
(2) Spanwise stiffened wing design (Mechanically fastened)
{3) Monocoque wing design (Mechanically fastened)
(4) Monocoque wing design (Jointed by welding)

(5) Composite reinforced wing design (Mechanically fastened)

Each of the wing designs were analyzed in sufficient depth to establish credible
production costs estimates to be used for conducting simplified cost benefit trade
studies for the evaluation and selection of the best structural approcach for a

March 2.7 arrow-wing supersonic cruise aircraft. These estimates included production
manhours, material costs, and fabrication and assembly tool-make time. The production
costs for each wing design were translated into "value per pound" inputs tc the ASSET
{Advanced Synthesis and Evaluaticn Technique) computer program to determine fly-away
and total system costs. The ASSET computer program and its usage is described in

Section 17, Concept Evaluation and Selection.

COST METHODOLOGY

To achieve useable cost inputs for each of the wing designs, it proved necessary
to evaluate the fabrication and assembly operation for each of the details in the
surface panels and substructure of various areas of the airframe as generalized in
Figure 16-1. This type of analysis was essential since each wing design, having

the same planform and basically the same material usage, differed in many ways.
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These differences included part count, methods used to produce the surface panels
and internal structure, plus design difference resulting from constraints imposed

by the location on the wing planform.

Analyses to the required detail were achieved by conducting the costing effort

from the component level to the major assembly level. Areas of the wing, coincident
with the point design regions used for the structural analysis, were adopted as
shown in Figure 16-2. Three regions were selected for cost analysis: 40322, L0536,
and 41348. The sizing data (i.e. skin thickness, cap size, etc.) in these regions
were considered as representative for the wing forward area, wing aft box area and
the wing tip, respectively. The major assembly costs for the three areas of the

wing were then used to estimate average costs for the total wing structure.

Production wing panel sizes were determined for each of the five wing designs and
the panels surrounding the "point design regions" were selected for analyses. Fig-
ure 16-3 shows details associated with forward wing area of wing design {(2). DNote
that the panel structure is divided into six elements: upper and lower skin assem-
blies and two different spar and rib designs. This structural breakdown is typical

in each panel, with each wing area, (rorward, aft, outer), for each wing design.

DETAIL COSTING

Cost analyses were performed for the variety of structural details shown on Fig-
ures 16-L4 through 16-8. Production costs were estimated for (1) the weld bonded
beaded panel design, (2) the weld bonded hat stiffened panel design and (3) the
aluminum brazed honeycomb core sandwich design, using appropriate advanced produci-
bility techniques (see Section T, Materials and Producibility). The variety of spar
and rib configuration costs were determined for each wing design considering such
factors as metal removal and welding requirements. Production manhours were devel-

oped using the joint designs shown in the figures, consistent with each design.

Fabrication data for the upper and lower skin assemblies were estimated by the man-
hours and material weight per square foot of each panel. The fabrication data for
the linear structure, such as caps, webs, etc., were determined by the lineal foot.
All assembly data were based on type of joint design, such as number of fasteners,

inches of weld, etc., and were also estimated by the lineal foot.
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Figure 16-1. Cost Analysis Methodology
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Figure 16-2. Wing Point Design Regions
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COST RESULTS
Table 16-1 summarizes the total manhours, material costs and tool-make manhours for
the forward, aft and outer wing areas to manufacture the first production aircraft.
The cost for th+ honeycomb core surface panels are included as Material Dollars

since they are considered as a purchased item.

Tables 16-2 through 16-6 presents the production costs for each wing design. The
details of the forward wing area are provided for each design. AThe methodology used

to adapt the total production manhours, tool—make_manhours and material costs to

"value per pound" increments for input into the ASSET computer program is also presented
The summary of production costs in terms of "value per pound" are tabulated in

Table 16-7.
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SECTION 17

CONCEPTS EVALUATION AND SELECTION

INTRODUCTION

Analytical Design Studies (Task I) wererperfozmed'toAassess the relative merits of
the various structural arrangements, concepts and materials applicable to the
arrow-wing supersonic transport configuration defined in Section 2, Baseline

Configuration Concept.

A spectrum of structural approaches for wing and fuselage applications that fully
exploit the practically attainable advantages of near-term structures and materials
technology were evaluated. Both smooth-skin and beaded-skin designs were explored
considering advanced producibility techniques available for design of a near-term

supersonic cruise aircraft.

The results of the detailed structural analysis were used to develop preliminary
design drawings for mass and cost estimation. These data were then uéed for sim-
plified cost benefit studies to evaluate the relative merits of each structural
approach and identify those concepts which would merit further detailed engineering

design and analysis (Task II).

EVALUATION CRITERTA
The criteria for evaluation of the structural design concepts include measures of:

structural mass; mission capability; airplane size; development, production

(material and fabrication), operational costs; and technology risk.
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EVALUATION PROCEDURE

The evaluation process is performed in two steps:

1

[AV]

The structural mass of the aircraft is estimated for each of the candidate
structaral'approaches based on the premise of a fixed vehicle size and
taxi mass (340,000 kilograms). This permits the determination of the
allowable fuel for the aircraft and hence its range capatility. RDT&E,
production and maintenarnce costs. for each of the candidate structural
approaches are then determined. A direct comparison of the structural
mass, range and cost is made on the basis of constant airplane configura-
tion and gross mass. The main shortcoming of this approach is that, since
211 three factors of structural mass, range performance and cost are
variavles, one cannot establish a single criterion for the selection of
the optimum concept. Thus,the purpose of this step is to establish the

basis for the evaluation methodology that follows.

The airplane configuration and gross mass are resized to meet the payload
(22,000 kg) and range (7,500 km) requirements. The purpose of the resiz-
ing is not to suggest that the airplane configuration (size) pe changed,
but rather to provide a tool for assessing the impact of the candidate
structural concepts and materials evaluated on a common basis, i.e.,
constant payload/range performance. Once this is done, the concept
evaluation ard selection may be performed on the basis of minimum-total-

system-cost (as tempered by technology availability and risk considerations).
In this context, total-system-cost Includes the effects of':
® Structural efficiency/material properties

e Design considerations such as fuel tank sealing and ease of fabrication

and assembly

® Varying thrust, engine size, and engine mass requirements as airplane

size changes

e Impact of the structural/material concept, airplane size, and mass on
fuel consumption; development, manufacturing and operating (maintenance)

costs.

17-2



DOC (Direct Operating Cost) is a measure of total-system-cost that includes all the

parameters noted and is chosen as the evaluation eriterion in this study.

In oraer to assess the relative impo%ééqg? of the characteristics of each struc-
tural approach on the major component ofiEOC and provide a comparison between the
cost and risk factors, the results of the aforementioned evaluation procedure are
presented in the form of cost-benefit tradeoffs. Typical tradeoffs shown on Fig-

ure 17-1 are:
® OStructural mass versus cost
® Technology improvement versus cost
® Technical risk versus cost

® Investment versus cost

As noted above, the selection of the best concept is performed on the basis of
minimum-total-system-cost to satisfy the given payload/range requirement at

acceptabvle program technology risk levels.

The ASSET Vehicle Synthesis Model

The parametric sizing, and performance evaluation of the structural design concepts
are performed through the use of the Lockheed developed ASSET (Advanced System
Synthesis and Evaluation Technique) vehicle synthesis model. A schematic presenta-
tion of the primary input and output data involved in the ASSET Synthesis Cycle, is
shown on Figure 17-2. The ASSET Program integrates input data describing vehicle
geometry, aerodynamics, propulsion, structures/materials, weights, and subsystems,
and determines candidate vehicles which satisfy given mission and payload
requirements. It provides the means to assess the effects of deslgn options
(thrust/weight, wing loading, engine cycle,.advanced materials usage, etc.) on the
vehicle weight, size, and performance. The key elements and the flow of information
through ASSET are depicted in Figure 17-3.
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The three maJjor subprograms of ASSET are sizing, performance, and costing. The
sizing subprogram sizes each parametric aircraft to a design mission. The design
characteristics and compone .t welghts of the sized aircraft are then transferred
to (1) the costing subprogram, which computes aircraft cost on the basis of compo-
‘ne:t weights and materials, engine cycle and size, avionics packages, payload,
production and operational schedules, and input cost factors, and (2) the perfor-
mance subprogram which computes meximum speed, ceiling, landing and take-off

distances and other performance parameters.

ASSET program output consists of a group weight statement, vehicle geometry
description, mission profile summary, a summary of the vehicle's performance
evaluation, and RDI&E, production and operational cost breaxdowns (refererce

Appendix A).

Venicle Sizing. - The sizing subprogram is composed of five routines: seglence,

. configuration, weight, drag, and mission. In addition, the sizing suoprogram uses
propulsion data input in the form of thrust and fuel flow tables and an independent

atmosphere subroutine.

The seguence routine groups the sets of independent variables (design options and
mission requirements) that are to be varied parametrically. Examples of these
variasbles include (but are not limited to) thrust/weight, wing loading, aspect
ratio, wing thickness ratio, wing sweep angle, design load factor, payload, eguip-
ment, avionics weights and volumes, materials usage factors, and design mission

requirements (range, radius, endurance, speed, etec. ).

The configuration routine computes the geometric data for the vehicle components
(planform areas, wetted areas, frontal areas, lengths, diameters, chords, refer-
ence lengths, volumes, shapes, ete.) reguired by the weight and drag routines. The
weight routine determines the component weight build-up, materials usage for the
ma jor airframe elements based on an input percentage distribution matrix and the
fuel available. These data are utilized in the configuration routine. The config-
uration and weight routines, operating together, determine the geometric and weight

characteristics for an airplane having an assumed trial takeoff gross weight. The
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trial vehicle 1s geometrically sized to contain the crew, equipment, payload,
propulsion system and fuel. The tails are sized to provide specified (input) tail

volume coefficients.

The drag routine constructs a drag bulld-up composed of friction drag, zero-lift
pressure drag, and induced drag. Friction drag is determined for each vehicle
component over a range of Mach numbers and altitudes using the component wetted
areas, reference lengths, azxd roughness and from drag factors. The zero-1lift
pressure drag for the wing is computed over the Mach number range by the drag sub-
routine using the wing geometry characteristics (sweep, thickness, aspect ratio,
leading edge radius). The zero-lift pressure drags for other vehicle components
are based on the component areas, determined by the configuration routine, and the
input values of the component zero-1ift pressure drag coefficlents. Induced drag
(including the effects of compressibility) of the trial aircraft, based on the wing
geometry, is determined as a function of Mach number and 1ift coefficient by the
drag routine. The computed drag bulild-up for the aircraft and propulsion data for
the engine under study are input to the program. Applicable power setting (take-
off, maximum, intermediate, maximum continuous, etc.) thrust and fuel flow data are
provided as functions of Mach number and altitude. Partial power tables are used

to simulate operation at thrust levels required during cruise or loiter.

The mission subroutine determines the fuel required to perform the design mission
profile. The mission profile is assembled from specified flight segments, such as
takeoff, climb, acceleration, cruise, loiter, etc. Simplified two dimensional
point mass flight equations are used in determining the time history of the mis-
sion. Climbs follow predetermined speed-altitude schedules. Cruise and loiter
segments may be performed at specified altitude and speed flight conditions, or the
speed and/or the altitude can be optimized for maximum cruise range of maximum
loiter endurance. Allowances are made for taxl, warmup and takeoff, landing, and

fuel reserves.

An iterative convergence technique completes the sizing subprograms. The fuel
available from the weight routine and the fuel required determined by the mission
routine are compared. The iteration computes and passes new trial aircraft

through the sizing cycle until acceptable agreement is reached between the

ORIGINAL PAGE IS 17=7
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available and regquired fuel. At this point the vehicle is properly sized o

perform the specified design mission.

Performance Evaluation. - Any or all of the following vehicle performance capa-

bilities can be evaluated: Climb, maximum speed, maneuverability, airport perfor-
mance, and alternate mission capability. The climb characteristics are assessed at
specified vehicle weights for given thrust settings. The maximum rate of climb at
sea level is*determined at the takeoff weight for a zero-acceleration climb sched-
ule. Ceiling altitudes are determined for specified rate of climb reguirements for
& series of aircraft weights ranging from the takeoff weight to the zero fuel
weight. Service and cruise ceilings may be determined by specification of the

appropriate thrust settings, and rate of climb requirements.

Speed characteristics are assessed for specified aircraft weights and thrust set-
tings. The maximum speed at sea level, the maximum speed at the optimum altitude,

and the corresponding optimum altitude are determined.

Airport performance is evaluated for standard or non-standard days. Aerodynamic
data representing the maximum lift coefficient and drag polars for the aircraft in
the takeoff and landing configurations are provided by input. The distance
required to take off over a 50 foot obstacle is determined for defired thrust set-
tings. Takeoff and transition speeds are specified as percentages of the stall
speed. Landing distances over a 50-foot obstacle may be determined for both flared
and unflared approaches. Approach and touchdown speed are specified as percentages
of the stall speed. Sinking speeds at the 50-foot height and at touchdown are
constrained below defined limits. Thrust reversal may be employed during the brak-
ing phase. Go-around rate of climb during the landing approach is computed for

specified thrust settings. Any number of engines may be inoperative.

Alternate mission off-design performance for the synthesized alrcraft is deter-
mined by the mission routine. The basic difference between the mission routine of
sizing subprograms and the alternate mission performance evaluation is that the
former determines the fuel required to perform the design mission, whereas the lat-

ter determines the mission capabilities (range, radius, endurance, etc.) with the
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fuel availstle irn the sized aircraft. The alternate mission profiles are

assembled from specified flight segment§r(téke§ff, c¢limb, acceleration, cruise,
loiter, etec,) in the same manner that the'design (sizing) mission is consﬁructed.
However, one of the mission segments of the profile is a variable segment.

Througk an iterative convergence techniéue, the duration of the variable segment
(distance, time, etc.) is adjusted so that the fuel required to perform the mission
is equal to the onboard fuel. Payloadrénd equipment weights,raha:fﬁel loads for
the alternate missione are specified and may be different from those corresponding

to the design mission.

Costing. - The costing program computes RDT&E, investment, and operational costs.
Both the RDT&E and production (flyaway) aircraft costs are broken down by airframe,
englrnes, avionics, and armament. Airframe costs are further broken down into
engineering, tooling, manufacturing, gquality control, and material costs. The
various cost elements are computed on the basis of cost estiméting relationships
(CER) which are established by analysis of historical data of applicable alrecraft
programs, Lockheed's R&D and production experience, and subcontractor ‘supplier
quotations. Cost input consists of dollars-per-hour (labor cost) and dollars-per-
pound (material cost) factors by aircraft structural element and material, labor
rates, production rates and schedule, learning curves, subsystem, engine and
avionics cost factors, and operational (fuel, attrition, etc.) considerations. The
model permits parametric costing as function of thrust, inert weight element and

advanced material usage.

Cost Model Description

The cost models used in the evaluation of the arrow-wing configuration supersonic

transport consists of subroutines to the ASSET program.

Development Cost Model. - The cost estimates for the primary elements of develop-

ment cost are determined by cost estimating relationships (CER's) which are deter-
mined by statistical analysis of historical data from military programs. The basic
eguations used to estimate the development cost for the airframe and engine are

modified versions of the CER's developed by the RAND Corporation (references 1
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and 2). The RAND equations are modified to reflect airframe and engine manufac-
turer's experience. The airframe engineering hour estimates by the RAND CER's are
modified to reflect a Lockheed in-house estimate. The Lockheed estimate is pro-
vided by a methodology that has been developed through a detailed analysis of
Lockheed programs. The modifications to the RAND equations are provided by the

application of K factors to the basic equations.

The development cost model includes the following elements:

Prototype Aircraflt Development Tooling
Design Engineering Special Support Equipment
Development Test Articles Development Spares

Flight Test Technical Data

Engine Development Avionics Development

The equations for determining the cost for each of the above elements are shown 1n

the Development Cost Model that follows.
The cost for the prototype aircraft 1is determined from the flyaway cost model and

input to the development model. The prototype aircraft are costed on the basis of

the first few vehicles produced.

Development Cost Model

Prototype Aircraft

TPROT = TFLCO * XNYO

Design Engineering

RFDE = 0.039% * WAMPR ¥*¥% 0.7391 * 55 ** 1.526 * CXNYO ** 0.183
DIH = RFDE * XKE - SELHO = (Design Engineering hours less sustaining)

DIEC = DIH (DER + OER) * (1 + APRFF) = (design engineering cost)

+17-10



Tooling
DTHB = L.0127 * WAMPR ** 0.76L4 * S5 *¥ 0,899 * CXNYO ** 0.17& * DRT * 0.066
THT = DTHB * XKT - PTLHO = (Design tooling hours less sustaining)

DTC

il

DTH (DIR + OTR) * {1 + APRFF) = (Design tooling cost)

Development Test Articles

o DSTA

= (TAFCO/CXNYO) * XNSTA = (Cost for static test article)
DFTA = (TAFCO/CXNYQ) »* XNFTA = (Cost for fatigue test article)
— DMTS = (TAFCO/CXNYO) # XMTSF = (Cost for systems test articles)
DART = (DSTA + DFTA + DMTS) * (1 + APRFF)

Flight Test
RFFT =-0,0012kL * WAMPR ** 1,16 * S5 *¥ 1,371 * CXNYO ** 1,281

DFT = RFFT (1 + APRFF) * XKFT = (Flight test cost including profit)

Engine Development

CEDCM = XMMAX ** 0.62 [(CXNY10 + CXNYO) * XNENGC] ** 0.10

DCENG = CEDCF * [(TCE/1000)/XNENGC] ** CEDCE * CEDCM

Avionics

DAV = DPAVD * WAVUN + FAVDC

Spares

DSPAR = ADSF * TAFCO + EDSF * TENCO + AVDSF * TAVCO

Special Support Equipment

DSSE = DSSEF * TFLCO
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Technical Data

DDATA = DTDF (TFLCO + DIEC + DTC + DART + DFT + DCENC + DLENG + DAV + DSPAR
+ DSSE + DOT + DLMT)

The description of the inputs and the factors for the development model are inciuded

along with the description of the inputs for tke production model that follows.

Investment Cost Model. - The Investment Cost Models includes subroutines to provide

the cost for the aircraft, the airceraft spares, and the special support egquipment.
The primary element of investment is the aivcraft and it is given the most attention
in terms of detail and consideration of the labor and material cost factors. The
spares and special support equipment cost are treated as percentages oF the fly-
away cost of the aircraft. The production cost estimate is made to the same gen-
eral level of detail as the airplane group welght statement. The vroduction cost

input format includes the following elements:

Material Cost Factors Engineering Change Orders
Labor Cost Factors Quality Assurance.

Labor Rates Miscellaneous Costs
S8izing and Learning Curve Factors Warranty

Sustaining Engineering Insurance and Taxes
Sustéining Tooling Profit

An illustrative example of the elements of the airframe and their representative
cost factors is shown in Table 17-1. How these factors are applied is illustrated

in the schematic of the flyaway cost model shown in Figure 17-k.

Airframe Material Cost - As shown by Table 17-1, the material cost factors
include representative cost factors for various types of material for the
structural elements of the airframe. The airframe production cost model has
space for material cost factor inputs for aluminum, titanium, steel, compos-
ites, and other. The various types of materials are 1isted across the top of

the input sheet (Table 17-1). A material cost factor is assigned to each type
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type of material as determined from the sizing program. The ASSET program
determines the total weight of each element from the performance and configu-
ration input data. After the total weight of the component is determined, the
amount of each type of material is obtained by applying percentage factors to
the total. The percentage factors for each type of material are established

through previous analysis and input to the program.

Airframe Labor Cost - The same procedure as used in the materials is used in

the labor subroutine, except that the labor is in hours. After the total
number of hours are determined the labor rate is applied to arrive at the

total labor cost.

The labor rates shown in Table 17-1 inelude the rates for design engineering,
tooling, manufacturing, quality assurance, and miscellaneous. Only the labor
rates for manufacturing and quality assurance are used for development engi-

neering and tooling.

Non-Structural Elements Cost Factors - The cost factors for these elements

includes both labor and material. This category includes the installation
cost for the systems and equipment noted as well as their manufacturing cost
with the exception of the engine and avionics. The installation costs for the
engine and avionics are included here but the purchase costs for these items

are shown separately.
After the labor hours, labor rates and material cost factors are applied to
each material type, the elements are summed to arrive at a total airframe

1labor and material cost. These sums are then adjusted for quantity and sicze.

Sizing and Learning Curve Factors. - The sizing factors are included to account

for scaling of the labor and material cost due to alrcraft size. The learning
curve factor accounts for cost change due to quantity produced. The labor and
material cost factors shown in Table 17-1 are normalized to a particular
vehicle weight and production quantity. The scaling factors modify the labor
and material cost according to the size of the vehicle being analyzed and the
number of aireraft in the production program. The sizing and learning curve

factors include:
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Material Sizing Factor Labor Learning Curve

Labor Sizing Factor Engine Learning Curve

Material Learning Curve Avionics Learning Curve

1

As noted by Figure 17-4 the adjustment factors for quantity are applied to the

engine and avionics as well as the labor and material.

Miscellaneous Factors - There are cost items which must be included in the

production cost of the aircraft that are not part of the labor and material

costs directly associated with the manufacturing of the vehicle. These ave

such items as quality assurance enginéering'éhanges, tool maintenance, sus-~
taining engineering, warranty, taxes, insurance and miscellaneous costs. The
costs for these items are added to the cost for the structural and nocn-structural
elements to arrive at a total airframe cost. These faciors are applied against
the total airframe labor cost to arrive at the cost of each item. Costs are

summed to obtain a total airframe cost.

Engine Cost - The engine cost estimate is provided by a production cost equa-
tion, or supplied by engine manufacturers, and input to the model. The equa-
tion is taken from the latest RAND revision (Reference 2) of their analysis of
turbojet and turbofan production cost. The RAND equation has been modifiedrby
estimates provided by P&W and GE for the AST. The production cost equation
for the duct burning turbofan is of the form:

0.6
Engine Production Cost = 631,000 (%go) (XNENGC)'O'152

where

TCE maximum sea level static thrust

XNENGC = number of engines in the production program.

The constant in the equation is changed to 546,000 for costing the turbojet

engine.
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Avionics - The avionics estimates are provided by vendors or in-house analysis

and input to the model.

Additional Factors - The total summation of cost elements up to this point

produces the flyaway cost of the aircraft without profit and costs for war-

ranty, taxes, and insurance. The cost for these items is obtained by applying

factors for each to the total aircraft cost. These costs are incorporated into

the total aircraft production cost to arrive at the total vehicle flyaway cost

except for the amortized R&D.

TFLCO
CSTRT
FAST
KMMAX
XMTN
XNENGL
TMAXLE
XNAVS
TMR
XNY1-XNY
XNYO
QAPO/QAP
ECPO/ECP
PTMPO /PTMP
SEPO/SEP
RMRO/RMR

XMISCO/XMISC

Development and Production Model Symbol Definitions

Cost of prototype

Print Indicator (1 = detail, O = summary )

Indicator if AST or other

Maximum Mééh number

Minimum Mach Number - Stall Speed

Number of 1ift engines

Maximum thrust of 1ift engines

Number of avionics suites

Tooling materlal rate

Number of aircraft delivered per year

Number of aircraft in the development program

Quality assurance factor for development/and production
Engineering change order factor for development/and production
Tool maintenance factor for development/and production
Sustaining engineering factor for development/and production
Raw material rate for development and production

Miscellaneous cost factor for development/and production
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CEFCF

CEPCE

XLEPCF

XLEPCE

DPAVP

FAVPC

ATATF

ESTAIF

AVTATF

AWAF

EWAF

AVWAF

APRFF

EPRFF

AVPRFF

WEMTBM

WEMTBL

XNCEB

XNLEB

XNAB

XMCS

XHCS

= Constant value for engine production cost formula - cruise engine

= Value of coefficient in engine production cost formula - cruise

engine
= Constant value for engine production cost formula - 1ift engines
= Value of coefficient in engine production cost formula - 1ift engine
= Avionies production cost factor
= Production cost for avionics
= Airframe insurance factor
= Engine insurance factor
= Avionics insurance factor
= Airframe warranty factor
= Engine warranty factor
= Avionics warranty factor
= Airframe profit factor
= Engine profit factor
= Avionics profit factor
= Weight empty of aircraft being evaluated

= Welght empty of base line vehicle from which the cost factors were

developed
= Quantity at which the material factors were developed
= Quantity at which the labor factors were developed
= Base quantity for cruise engines
= Base quantity for 1ift eﬁgines
= Base quantity for avionics
= Material cost sizing coefficient

= Labor cost sizing coefficient.

17-19



XMLCS = Material learning curve slope

KHLCS = Labor learning curve slope
XCELCS = (Cruise engine learning curve slope
XLELCS = Lift engine learning curve slope
DER - Engineering labor rate (direct)
CER = Engineering overhead rate (indirect)
DEGR :.
OEGR = »Growth rates - not used
XMGR =
DTR = Tooling labor rate (direct)
OTR - Tooling overhead (indirect)
DIGR :‘1
OTGR = »Growth rates - not used
XAGR = ’
DMR - Manufacturing labor rate (direct)
OMR - Manufacturing overhead rate (indirect)
DMGR =
OMGR = YGrowth rates - not used
XEGR =
DQAR - Quality assurance labor rate (direct)
OQAR = Quality assurance overhead rate (indirect)
DQAGR =
Growth rates - not used
OQAGR =
IMISC = Labor rate for miscellaneous items
OMISC = Overhead rate for miscellaneous items
XXE = Complexity factor for engineering
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XKT

XINSTA

XNFTA

XMTISF

EFTMR

CEDCF

CEDCE

XLEDCF

XLEDCE

DPAVD

FAVDC

DRT

ADSF

EDSF

AVDSF

DSSEF

DIDF

DoT

DMT

PRT

PECF

PECE

APSF

it

Complexity factor for tooling

Complexity factor for flight test

Number of test articles for structural tests

Number of test articles for fatigue tests

Number of test articles for systems test

Engineering test material rate

Flight material rate

Constant value for cruise engine development cost equation
Value of coefficient for development cost formula for crulse
eﬁginés 7 ' 7

Constant value for 1ift engine development equation

Value of coefficient for development cost forﬁula for 1ift engines
Development cost factor for avionics

Development cost for avionics

Production rate for development

Airframe spares factor for development

Engine spares factor for development

Avionics spares factor development

Special suppport cost factor for development

Technical data cost factor for development

Operator trainer cost factor for development

Maintenance trainer cost factor for development

Maximum monthly production rate

Constant term for production engineering cost formula

Value of coefficient for production engineering cost formula

Spares factor for production airframes

AL P
OF POOR Qua [y
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EPSF = Spares factor for production engines

AVPSF = Spares factor for production avionics

PSSEF = Special support equipment cost factor for production

PTDF - Technical data cost factor for production

fOT = Cost for operator trainers

PMT = (Cost for maintenance trainers

SCFM = Material cost factor for maintenance

SCFL = Labor cost factor for maintenance

Operating Cost Models. - The operating cost includes the standard elements normally

found in the direct and indirect operating cost (DOC/IOC) as reported by the air-
lines. The DOC model is a modified version of the 1967 ATA method (Reference 3).
The modifications to the DOC equations in the ATA method consists of: 1) combining
the crew cost equations into a general expression for any number of crevw members
and 2) expanding the maintenance equations into greater detail. The more detailed
maintenance eguations are obtained from (Reference 4}. The IOC model consists of
set of expression derived through the combined efforts of Lockheed and Boeing
(Reference 5). The indirect expense factors are those experienced by the inter-

national carriers (Reference 6).

DOC Mecdel

Flight Crew [3.0 * (45 + SSFB) + 35 (XNCREW - 3) + IFB] * (1.0 + FCSIR)XNYR * U
Tuel and 0il 1.02 * U * (FB/TB * CFT + XNENGC * COT * 0.135)
Insurance IRA * TUACC

Depreciation (TUACC + SPARES)/PERIOD

Maintenance Equipment and Furnishings
Labor = [0.5TF + 1.0 + (L.5TF + 18) * WAF/106] * UJ/TB * MNTLR
Material = [O.4TF + 1.20 + (LUTF + 42) * WAF/106] * U/TB
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Landing Gear

Lavor = (1.0 + 10 % WAF/106) * U/TB * MNTLR

Material = (2.4 + 1.50 * TUAFC/106) * U/TB

Tires and Brakes

Material = [1.2 + 7.0 * WAF/106) U,/TB

Other Systems

0.5 4
Labor = (15TF + 3.3) * (wAF/106) x oax’ 2 a U/TB * MNTLR
: han - x {m ~f 6 : 10D :
Material = (1.4TF + 0.¢) + 2.3TF + 0.7) * (TUAFC/10° ) * XMMAX ~ U'TB
Structures
Labor = (1.0 + 50 * WAF/106) x ax’ Y « U/TB * MNTLR
Material = (0.3 + o.8TUAFc/1o6) * xax0:? * U/TB

Other Power Plant

0.5
677 x oax®5

Labor = (19.0TF + 0.8) * (WAF/10 ¥ U/TB * MNTLR

Material 0.3TF + 0.1 + (0.8TF + 0.1) * (TUAFC/106) xpax’ 2
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Engine

Labor -~ [0.4TF + 0.2 + (0.018TF + C.012) * TCE/XNENGC/IOS] U/TB * MITLR
* XNEWGC
Material = (3.6TF + 2.40) (ENGC/10°) U/TB * XNENGC

The above formulas calculate the DOC in terms of dollars per aircraft year. This
is converted to cents per seat mile by converting the dollsrs to cents and dividing

each element by the seat miles flown per year.

IOC Model

Item I System Expense
System Expense = XKSE x direct maintenance labor dollar
Item II Local Expense

maximum takeoff weight
1000

Local Expense = XKLOE x x departures

Item ITT Aircraft Control

Aireraft Control Expense = XKCO x departures
Item IV Cabin Attendant Expense

Cabin Attendant Expense = XKAT x Cabin attendant block hours
ITEM V Food and Beverage Expense

Food and Beverage Expense = XKFB

x weighted revenue passenger block hours
Item VI Passenger Handling Expense
Passenger Handling Expense = XKPH x Passengers enplaned
Item VII Cargo Handling Expense

Cargo Handling Expense = XKCH x Total tons carried
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Item VIII Other Passernger Expense-
— Other Passenger Expense = XKOP x Revenue Passenger miles
Item IX Otrer Cargo Expense
— Other Cargo Expense = XKOC x Revenue Freight ton miles
Item X General ana Administrative Expense

G&A Expense = XKGA x Direct plus indirect OCperating expense

less depreciation and insuranc

DGC and ICC Model Symbol Definitions

XWRITE = Symbol for selecting the range
YEAR = Year input for calculating costsrin the proper year's dollars
XNCREW = RHRumber of personnel in the flight crew
XHWPASS = Passenger capacity of the aircraft
XNATT = Number of cabin crew
XLF = Load factor
SSFB = Flight crew supersonic flight bonus
IFB = Flight crew international flight bonus
FCSIR = Flight crew salary inflation rate
ENGC = Engine cost per engine
MNTLIR = Maintenance labor inflation rate
TG = Ground time in minutes
U = Utilization
IRA = Insurance rate ORIGH\IAL
: ‘s . OF Ia&GE}IS
PERIOD Depreciation period POOR QUALHY
CFT = Cost of fuel ($/LB)
COT = Cost of oil ($/LB)
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MBF
REVPAS
AVCARG
XKSE
XKLOE

XKCC

™

XKIB
XKPH
XKCH
XKOP
XKOC
XKGA
CFARE
XKFARE

XFACC

CARGF

WAF
TUAFC
TF

TUACC

It

Maintenance burden factor

Number of revénue pasSengers per yeaer
Average pounds of cargo per Tlight
System expense IOC factor

Local IOC factor

Aireraft control IOC factor

Capin attendant IOC factor

Food and beverage IOC factor

Passenger handling I0C factor

Cargo handlingIOC factor

QOther passenger eXpense I0C factor

Other cargo expense I0C factor

G&A expense IOC factor

Fare cost factor - (function of distance)
Constant portion of the fare - (function of nu
Facilities cost (dollar input)

Income tax rate (decimal)

Revenue per cargo ton mile

Block fuel

Block time

Weight of airframe (weight empty - engines)
Total airframe cost

Flight time

Total aircraft flyaway cost including R&D

17-26
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Keturn on Investment (ROI) Model

The return on investment (ROI) for the AST is calculated by a simplified method in

the AUSET program for comparative analysis.

EVALUATION RESULTS

Five structural approaches were evaluated and compared using the results of the
AS3SET computer program. The wing design approaches included:
(1) Chordwise stiffened wing arrangement, beaded skin parels, mecharical

fasteners (WC1l)

(2) Spanwise stiffened wing arrangement, hat stiffened skin panels,

mechanical fasteners (WC2)

(3) Mouocoque wing arrangement, aluminum brazed honeycomb sandwich skin

panels, mechanical fasteners (WC3)

(&) Monocoque wing arrangement, aluminum brazed honeycomb sandwich skin

panels, welded (WCh)

(5) Composite reinforced-chordwise stiffened wing arrangement, beaded skin

panels, mechanical fasteners (WC5)

In evaluating each cf the above wing designs, a skin stringer and frame construction

was assumed for the fuselage.

A summary of the ASSET program results are presented in Table 17-2. The results
include weight, geometry and cost data for both the constant-size and constant

payload-range aircraft.

CONSTANT WEIGHT AIRCRAFT

A comparison of the various parameter (i.e., structural mass, range, cost) for the
constant size/weight aircraft indicates a variation in these parameters and the

minimum does not necessarily identify the best concepts. The least welght wing
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concept is the composite reinforced.design (WC5); the spanwise design (WC2) is,
however, the least initial cost concepts as typified by the flyaway cost. It can
be seen from the tabulated data that the weight savings realized by the application
of composites to the spar caps permits approximately 16,600 pbunds of additional
fuel to be carried. Hence, the range capabilityiof the structurally efficient
composite reinforced design (WC5) is approximateiy'3h0 nautical miles greater than
the chordwise wing design (wei). A1l concepts,rhqwever, do not meet the range
criteria of 4200 nautical miles. A reduction in,étrﬁctural massrof 1700 pouﬁds is
required to the composite reinforced design to satisfy the payload-range

reguirement.,

CONSTANT PAYLOAD-RANGE ATRCRAFT

The constant payload-range data of Table 17-2 indicates that the takeoff gross
welght of the resized aircraft varies from a maximum of 585,000 pounds to a minimum
of 760,000 pounds. The data presents the minimum structural weight, size and cost

to be the composite reinforced design (WCS).

Growth Factor. - Figure 17-5 visually displays the takeoff gross weight variation

with the range capability of the constant-weight and constant payload-range air-
craft. The trends presented indicates that the growth factor of this class of
aircraft, which is represented by approximately 50-percent fuel, is 6 (i.e., a
l-pound increase in structural weight results in a 6-pound increase in the aircraft
takeoff gross weight). Thus, the importance of minimizing structural mass is

emphasized by these trends.

Structural Mass Versus Cost. - The wing mass variation with relative cost is pre-

sented in Figure 17-6. The data relates the structural efficiency of the design
concepts with the direct operating cost, normalized to the least cost approach.

DOC is a measure of total-system-cost that includes such parameters as: structural
efficiency; engine requirement variation as the airplane size changes; the impact
of airplane slze, concept selection, and mass on fuel consumption; and development,
manufacturing and operating (maintenance) costs. The desirable area, as visually
displayed by the arrow, is the least weight and least cost region. The composite

reinforced design (WC5) is the least weight and cost concept evaluated.
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Technology Improvement Versus Cost. - Figure 17-7 presents a bar chart relating the

technology level of each design concept with the initial cost. The metallic stif-
fened skin approaches are displayed on the left hand side with the more advanced
technology concepts on the right hand side. The initial cost is measured by the
flyaway cost of the vehicles, normalized to the least cost system. The composite
reinforced design (WC5) is the least cost with the monocogque approaches being
approximately 15-percent greater.

Technology Risk Versus Cost. - Technology risk, as presented herein, is a quantita-

tive factor related to the damage tolerance characteristics of the design concepts,
tempered with an assessment of development risk. As shown in Figure 17-8 the span-
wise and chordwise designs are considered as the least risk concepts; with the
welded monocoque design representing the highest risk. Since the composite rein-
forced design is essentially a chordwise stiffened design with only the spar caps
reinforced with Boron Polyimide (B/PI) composites, it is displayed above the chord-
wise design. The monocogque design is represented as nominal. The cost parameters
are normalized (to the least cost concept) direct operating costs. The composite

reinforced design is the most desirable of the five design concepts evaluated.

Investment Versus Cost. - Figure 17-9 presents the investment cost variation for

each design concept with direct operating costs. Both cost values are normalized

to the least cost approach.

Investment cost includes the cost for the aircraft, the aircraft spares and the
special support equipment. The cost of the production aircraft is the primary
element of investment. The spares and support equipment are treated as percentages

of the flyaway cost of the aircraft.

As shown by the normalized values, the composite reinforced design is the least

cost approach.
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CONCEPT SELECTION

The various wing design concepts, each with a skiﬁ—stringer fuselage design, were
evaluated with respect to structural mass, performance and cost. These factors
were interrelated to yield a relative comparison, based on minimum-total-system-

cost for a constant payload-range aircraft.

Rased on & constant-weight airplane the ranking of the design concepts shown in
Table 17-3 was obtained. When these design concepts were applied to a minimum
total-system—cost airplane the ranking of the concepts was unchanged (Table 17-4).

A comparison of the relative costs of the various wing design concepts 1s also pre-
sented in Table 17-4, and shows that the composite reinforced design is 7 to 11 per-

cent less costly than the other design concepts.

The best homogeneous (single concept applied to total wing) structural approach for
design of Mach 2.7 supersonic cruise aircraft is the least cost and welght chord-
wise stiffened design with metallic surface panels and composite reinforced spars.
The structural arrangement for this design concept is presented in Figure 17-10.
Approximately 6000 pounds of composite material is used and results in a 16,600 pound
weight saving of wing structural mass. Structurally efficlent circular arc-convex
beaded surface panels of titanium alloy (Ti-6A1-LV annealed) are used. The surface
panel design 1is directed towards alleviating thermal stresses while utilizing both
ckins in resisting shear. With the beaded inner and outer skins, the surfaces do
not participate in resisting wing bending and all the bending material is concen-
trated in the spar caps. The titanium spar caps are reinforced with boron/
polyimide as shown in the figure. The reinforcement strips are continuous from

BL 470L to BL 4TOR.

The importance of minimum mass structural concepts was emphasized by the increasing
cost trends with an increase in wing structural mass as shown in Table 17-k.

Weight inefficiencies evaluated under the payload-range constraints can and do

raise costs appreclably. Furthermore, with the apparent high growth factor (GF = 6)
of this class of aircraft, it appears that considerable effort is warranted to
remove unnecessary weiﬁgﬁﬁto minimize the cascading effect on aircraft size and

takeoff gross weighQ?éj

a1l
>

usﬁ ﬂbc;
2P
S

17-36



TABLE 17-3. CONCEPT EVALUATION SUMMARY - CONSTANT WEIGHT ATRCRAFT

WING WEIGHT RELATIVE
CONCEPT LBS/FT2 WEIGHT
(1) CHORDWISE STIFFENED — 9.80 1.19
i CONVEX-BEADED PANELS
— (2) SPANWISE STIFFENED — 9.68 1.17
- HAT-STIFFENED PANELS
(3) MONOCOQUE — ALUMINUM 8.54 1.03

BRAZED HONEYCOMB
CORE PANELS

(4) MONOCOQUE — ALUMINUM 8.85 1.07
BRAZED HONEYCOMB
CORE PANELS (WELDED)

(5) CHORDWISE STIFFENED — 8.25 1.00
CONVEX-BEADED PANELS;
— B/PI REINFORCED SPARS

TABLE 17-4. CONCEPT EVALUATION SUMMARY - CONSTANT PAYLOAD-RANGE AIRCRAFT

STRUCTURAL ARRANGEMENT WING MASS cosT_
AND CONCEPT kge m2 | L. FT-2 | RELATIVE | DOC RELATIVE
MASS (C/sm) cosT

(1) CHORDWISE STIFFENED — 49.80 10.20 1.23 214 .1
CONVEX-BEADED PANELS

(2) SPANWISE STIFFENED — 48.82 10.00 1.21 2.09 1.08
HAT-STIFFENED PANELS

(3) MONOCOQUE — ALUMINUM |  41.89 8.58 1.04 2.06 1.07
BRAZED HONEYCOMB
CORE PANELS

(4) MONOCOQUE — ALUMINUM |  43.40 8.89 1.07 21 1.09
BRAZED HONEYCOMB
CORE PANELS (WELDED)

(5) CHORDWISE STIFFENED — 40.43 8.28 1.00 1.93 1.00
CONVEX-BEADED PANELS;
B/PI REINFORCED SPARS
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The structural weight for the various regions of the wing structure are shown in
Table 17-5 for the five stfuctufalrappybaches. It aﬁﬁeafs:th;% incorporating the
minimum weight regions into the wing deéign would result in the best approach for a
Mach 2.7 design. N

Thus, the recomménded structural approach for the T@EE%IIW@etgiled Engineering
Design and Analysis is%a hybrid structural épproacﬁ‘ééésigiiﬁé of the monocogue and
chordwise stiffenedrstructﬁfalrérrdhgeméht ;é shown in Figuré:l7;ll. A minimum
structural mass airplane (near-term) is obtained by combining the minimum mass
components (i.e., wing forward box, aft box and tip) as determined by the detailed
structural analysis. Table 17-6 shows the airplane weight and cost parameters

for this hybrid design, for both constant-weight and constant payload-range
criteria. The hybrid design very nearly satisties the paylcad-range require-

ment specified for the 750,000 pound baseline configuration concept.

T FILMED
PRECEDING PAGE BLANK NO
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TABLE 17-6.

EVALUATION DATA FOR HYBRID STRUCTURAL ARRANGEMENT

STRUCTURAL HYBRID
ARRANGEMENT (MECHANICAL)
WC7
CONSTANT GTOW:
TOGW (LB) 750000
OWE (LB) 312322
WING WEIGHT (LB) 88620
WING AREA (FT2) 10822
WING UNIT WT (LB.FT-2) 8.19
RANGE (N.Mi) 4183
FLYAWAY COST | (MIL DOL) 93.57
poc {C/SM) 1.91
I0C (C/SM) 0.90
ROI! A.T. (%) 1.82
CONSTANT PAYLOAD-RANGE:
TOGW (LB) 754665
OWE (LB) 313963
WING WEIGHT (LB) 89216
WING AREA (FT2) 10889
WING UNIT WT (LB.FT-2) 8.20
RANGE (N.Mi) 4200
FLYAWAY COST | (MIL DOL) 94.02
DOC (C/SM) 1.92
10C (C/SM) 0.90
ROI A.T. (%) 1.73
17-k4
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SECTION 18

DESTGN

INTRODUCTION

An important facet of the structural design concepts study is the establishment of
a firm design technclogy base that will permit the best possible judgement to be
exercised in the selection of structural concepts and materials for the next genera-
tion supersonic transport. This design technology base was determined with the

full consideration of:

® the practically obtainable benefits of applicable advanced technology

e the internal structural response to the complex interactions among inertial,

aercdynamics and thermal loadings
e the effects of variocus structural arrangements, concepts and materials on

these interactions

An underlying objective was the achievement of the minimum possible structural mass
fraction since the economic effectiveness of the supersonic cruise aircraft is

critically sensitive to inert mass as well as aerodynamic and propulsive efficiencies.

In approaching this task the following were identified as encompassing the potential
for structural mass reduction:
e Improved titanium alloys {beta alloys)

o Improved fatigue quality through minimizing fasteners by the use of welding,

bonding, brazing, weld bonding, weld brazing and rivet bonding
e lLarge scale fabrication to minimize the number of Joints

® Minimizing or eliminating tank sealing by the use of large scale application

of welding, bonding and brazing

e Selective reinforcing of metal structure with organic and metal matrix

composites

18-1



e Determining the structural arrangements most efficient in coping with the

interactive loading of a large, flexible arrow-wing

e Determining the most efficient structural concepts within these structural

arrarigements

The initial design effort was devoted to the establishment of the baseline config-
uration concepts and the subsequent development of internal details to provide inputs
to mass distribution and other studies included in the structural study effort. The
various drawings developed are presented in Section 2, Baseline Configuration
Concept. The development of these drawings made full use of the information of

Reference 1.

In developing the structural arrangement drawings for the various wing and fuselage
design approaches, an extensive background of design data was available from the
design and manufacturing studies of advanced structural designs having potential
application in a Mach 2.7 arrow-wing configuration transport. These studies
included numerous consultations with vendors (Table 18-1) and other contrac-

tors, extensive literature surveys and close collaboration with producibility
personnel. This background data was fully utilized in the structural arrangement
drawings discussed in the subsequent sections as well as in the determination of the

design parameters (Section 8).

TABLE 18-1. VENDOR CONTACTS MADE FOR ARROW WING STRUCTURES STUDY

Vendor Subject Discussed

Aeronca Mfg. Aluminum Brazed Honeycomb Sandwich

Rohr Aircraft Liquid Interface Diffusion (LID)
Diffusion Braze Process

Northrop Aircraft Nor-Ti-Bond Diffusion Braze Process

TRW Systems Weld Bond

Advanced Structures and Technology Co. STRESSKIN

Sciaky Brothers, Inc. Welding

Avco Metal Matrix Composites

Holosonics NDT Inspection Methods
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DESIGN APPROACH

The various approaches in the arrangement of surface panel concepts and structure

The evaluation rationale of the structuralrapproaches was also presented (Table 18-2).

Each step of the procedure was outlined from:

(1) Establishing the material system

(2) Defining the fabrication and/or assembly method for the candidate concepts
(3) Conducting the design analysis according to the guidelines defined

(4) Establishing mass and cost data, and

(5) Evaluating the results and selecting the most promising arrangement for

further detailed study.

Joining Methods

A vital part of the study matrix (Table 18-2) is the evaluation of the joining
methods. These are important parameters because of their influence on such
factors as:
e Fatigue quality and damage tolerance
® Manufacturing cost, facilities and techniques
e Serviceability and masintainability
e Fuel tank sealing
e Thermal stresses, residual stresses, and mass
Based on the comprehensive investigation into the various joining methods and their

applicability to the candidate structural design concepts, two methods were selected

as identified in the Fabrication and/or Assembly column of Table 18-2.
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® The "fastener" joining method is taken as a baseline case and is

investigated for all wing and fuselage structural arrangements.

® The two joining methods (welding and fasteners) are considered for the

monccogue wing arrangements.

The logic behind this reduced matrix is that the study of the two methods noted
above will yield sufficient data concerning the merits of each fabrication and/or
assembly method to permit valid projéctions to be made concerning the effects of
joining methods on the spanwise and chordwise stiffened wing arrangements without
the need for a design development effort for each individual joining method.
Titanium alloy Ti 6A1-LV is taken as the baseline metal fof the design study even

though Beta C and other titenium alloys were investigated.

As a matter of clarification, the jecining methods described herein are concerned
with methods used to assemble major components (wing surface assemblies, spar
assemblies, etc.) to their next assembly. It does not imply that all attachments

within these major components use the same joining method. For example:

e A wing structure design using honeycomb sandwich surface panels attached
to substructure by fasteners is included in the "fastener" assembly
concept even though the surface panels themselves might be fabricated as

aluminum brazed, bonded or welded honeycomb sandwiches.

e A fuselage structure design with skin panel assemblies joined tdgether
by fasteners also is classified under the "fastener" concept even though
stringers, frame segments and other detail parts of skin panel assemblies

are attached by weld bonding, brazing or other means.
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Manufacturing/Subcontracting/Facilities Guidelines

The focus on the method of Joining major components reflects the complexity reguired
in manufacturin équipment, facilities and techniques. For example, the "fastener"
éoncept permits conventicnal manufacturing approaches to be utilized. In contrast,
the "welding" designation indicates that complex and expensive facilities and equip-
ment may be reguired for manufacturing and maintenance. These factors relate to a

rumber of items, including the feasibility of a particular "design go-ahead" date.

The interpretations above permit subassemblies to utilize advanced assembly pProcesses,
such as weld bonding, weld brazing and others, consistent with the assumed "design

go-ahead" and the fabrication and transportation size 1imits established.

Guidelines in reference to manufacturing, subcontracting and facilities were estab-
1ished considering the above to aid in the design process. The guidelines, dis-
“cussed in Section T, Materials and Producibility and Section 8, Basic Design

Pgrameters, are summarized below:
e The entire fuselage, except for the flight station, 1s designed for
subcontracting {and transportation limitations).

e All wing segments, and the complete wing, to be assembled in a new facility
assumed to be constructed in Palmdale. Wing components, such as spars and

ribs, to be suitable for subcontracting.

e The new Palmdale facility is postulated to have autoclave and fusion and

spot welding eguipment suitable for fabricating large components.

e TFuselage segment joints need not coincide with wing segment joints.
Design Ground Rules and Constraints
The ground rules enumerated below were established at the beginning of the study
and are presented to define the basis for the design effort. Some of these rules

might be modified by new developments or as a result of further study. Specific

guidelines for manufacturing are presented in Section 7, Materials and Producibility.
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e Minimum mass is the primary design objective.

e Design work is initially based on all-metal structure reflecting the

technology level for a design go-ahead at the end of 1975. This technology

level is expanded to include selective reinforcing of the metal structure

with composites considering a design gc-ahead in 1981.

® Bonding, weld bonding, rivet bonding, weld brazing and the aluminum braze

(Aeronca) processes are postulated to be developed adequately and availsble

for use.

e TIG, plasma arc and EB welding acceptable but laser welding not yet

qualified.
e Component size limits, as dictated by faﬁricating processes, to be:
o Hot vacuum forming - 15 feet wide by 35 feet long
o Aluminum brazed sandwich - 68 inch wide by 40 feet long
o Weld bonded and rivet bonded panels - 15 feet wide by 50 feet long

e Component size limits, as dictated by transportation method, defined in

Section 7, Materials and Producibility.

e Structure to have an economic service life of 15 years, a service life of
50,000 flight hours, a design fatigue life of twice the service life and

damage-toclerant structural concepts where possible.
® Structure design to be based on Mach 2.7 cruise speed.

e TFuel tank access to be provided by a minimum of 2 doors for each fuel tank
or isolated portion thereof. Access opening size to be approximately

13 x 18 inches for vertical entry and 20 x 31 inches for horizontal entry.
® Minimum sxin gauges (inch) to be:

o 0.020 for exterior skins on the wing lower surface

o 0.015 for exterior skin on the wing upper surface

o 0.010 for the interior face of a sandwich

18-7



All Tasteners in extericr surface to be flush.
External splice strap zcceptable at all longitudinal panel splices in the
fuselage and at BL L70 Jeint in the wing.

At countersunk fasteners, the face sheet thickness shall be at least
0.010 inches greater than the countersink depth to avoid "feather edges”
angd dqgraded quality. This rule might be waived in joints where the
reduced allowables and degraded quality resulting from feather edges are

acceptable.

Trame locaticns different from spar locations are considered acceptable but
will be used only where an overall advantage is indicated after evaluation
of any extra material required to redistribute and/or account for loadings

encountered at BL 62.41 rib.

For welded/corrugated web spars and ribs, it is zssumed that the cap strips
should be normal to the plane of the web. {Note: subsequent meetings with
Sciaky welding specialists indicate the feasibility of welding caps to webs

at angles varying as much as 15-degrees from normal to the web).

Manually upset Ti rivets (B-120 and Beta C) limited to 0.156 inch diameter

raximum,
A1l Ti Hi-Tigue fasteners to have studs of Ti-6A1-UV in the STA condition.
Shear (shallow) head flush fasteners acceptable in the outer skin.

Single row of fasteners unacceptable at skin panel joint if the Jjoint must

be fuel tight.

For welded Jjoints:

o Manual welding limited to an absolute minimum

o Skin splice welds planished

o All welds to be the butt type

o All welds shaved on all surfaces unless impossible

o Welds are designed for stress relieving where feasible. However, welded
spars and ribs will not be stress relieved. Note that welded joints in

members which are later hot formed are stress-relieved automatically.
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¢ In the primary structure, access doors are to be the "clamped" type where

feasible to avoid fastener holes in primary structure.
e From the manufacturing standpoint, blind fasteners are preferred cver access

doors.

Further study and development may indicate the need for amplification and/or modi-

fication of the sabove rules.

STRUCTURAL DESIGN — TASK I

— Chordwise Stiffened Wing Design — Fasteners

The structural arrangement drawing in the chordwise stiffened wing design is pre-
sented in Figure 18-1. The arrangement of the substructure, fuel tanks and surface
panel joints for the representative panels are indicated on the airplane planform.
The highly efficient convex beaded surface panel design is shown with discrete sub-
merged spar caps used to transmit the wing spanwise bending loads. Repre;entative
spar cap and truss-web geometry are indicated for selected point design regions
identified on the wing planform. General features for this design are enumerated

below:

e Double-skin wing surfaces in which both the inner end outer skins contain

a series of chordwise-oriented stiffening beads.

e Numerous spanwise spars which are of truss design except where a spar
serves as a fuel tank wall or a fuel surge pressure spar. Where spar depth
or loading so dictates, the truss spar design may be replaced by a stiffened

web or other arrangement.

e At fuel tank wall and fuel baffle locations, the spars have welded corrugated

webs and I-section caps.

® Relatively few chordwise ribs are used. These alsoc are of the truss type
design except where the rib serves as a tank wall or baffle. In such appli-

cations, welded corrugated webs and I-section caps are used.

e Spars are spaced relatively close in the main wing box behind the main

landing gear (MLG) well.
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® large surface panel assemblies are used.
e The "fastener” joining method is used throughout the entire wing in
accordance with the matrix of Table 18-2. As discussed in the Design Approach

section, this indicates that major components are Joined together with fasten-

ers in order to permit conventional assembly of major components to obtain
the aircraft structure. Welding, weld bonding and other Joining methods are
used, where advantageous, in fabricating individual components such as spars,

surfaces and other subassemblies.

The arrangement of the structure is based on the results ¢f the analytical studies
(Section 12, Structural Concepts Analysis) and is used to establish the mass esti-

mates reported in Section 15, Mass.

The chordwise-beaded surfaces used in the structure of Figure 18-1 are similar in
some respects to those used in the 1-2000-TA and the YF-12/SR-T71. However, the
latter two aircraft used the bead design noted as "corrugation" rather than the cir-
cular arc-convex configuration shown in Figure 18-1. The latter bead design has
been used because of 1ts structural efficiency and the reduced eccentricity en-
countered at the terminations of the beads. It 1s recognized that the circular
arc-convex beaded design may result in an inc